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Schopnost proteinů vázat jiné molekuly v reakci na různé podněty ve svém 
mikrookolí je základem rozsáhlých regulačních sítí, které koordinují následnou činnost 
buněk. Správná funkce těchto signálních drah závisí převážně na nekovalentních 
interakcích, které často ovlivňují strukturu proteinů a proteinových komplexů. Pochopení 
molekulárního mechanismu funkce proteinu v buněčné signalizaci je proto často závislé na 
znalosti jeho trojdimenzionální struktury.  
V této disertační práci představuji studie, které vedly na molekulární úrovni 
k pochopení několika protein-proteinových a ligand-proteinových interakcí podílejících se 
na buněčné signalizaci. Použila jsem nukleární magnetickou rezonanci (NMR), malo-
úhlový rozptyl rentgenového záření (SAXS) a další biofyzikální metody pro určení 
molekulární podstaty inhibice čtyř signálních proteinů: vápník/kalmodulin (Ca
2+
/CaM)-
dependentní proteinkinasy kinasy 2 (CaMKK2); proteasy kaspasa-2; forkhead 
transkripčního faktoru FOXO3 a proteinkinasy ASK1.  
Konkrétněji byla zkoumána role proteinu 14-3-3 a CaM v regulaci CaMKK2 
aktivity. Dále byl detailně studován mechanizmus, jakým protein 14-3-3 ovlivňuje 
schopnost oligomerizace a jaderné lokalizace kaspasy-2 a také byla objasněna podstata 
modulace transkripční aktivity FOXO transkripčních faktorů díky zkoumání inhibičních 
schopností malé organické sloučeniny vážící se na DNA-vazbovou doménu proteinu 
FOXO3. Strukturní studie komplexu TRX vazebné domény proteinkinasy ASK1 s TRX 
odhalily, že TRX interaguje s ASK1 prostřednictvím redox-aktivního místa a oxidační stres 
způsobuje strukturní změny na vazebném rozhraní v komplexu ASK1 s TRX. To 
naznačuje, že oxidace ASK1 je důležitým regulačním signálem pro disociaci komplexu. 
Disertační práce poskytuje přehled o vztahu mezi porozuměním molekulárním 
mechanismům modulace aktivity signálních proteinů a znalostí strukturních detailů jejich 
složitých interakcí. Integrovaný interdisciplinární přístup potom poukazuje na nové 





The ability of proteins to bind other molecules in response to various stimuli in their 
microenvironment serves as a platform for extensive regulatory networks coordinating 
downstream cell actions. The correct function of these signaling pathways depends mostly 
on noncovalent interactions often affecting the structure of proteins and protein complexes. 
Understanding the molecular mechanism of a protein function in cell signaling therefore 
often depends on our knowledge of a three-dimensional structure.  
In this doctoral thesis, I present the work that led to the understanding of several 
protein-protein and protein-ligand interactions implicated in cell signaling at the molecular 
level. I applied nuclear magnetic resonance spectroscopy, small angle X-ray scattering and 
other biophysical methods to determine the molecular basis of inhibition of four signaling 
proteins: Calcium/Calmodulin (Ca
2+
/CaM)-dependent protein kinase kinase 2 (CaMKK2); 
protease Caspase-2; Forkhead transcription factor FOXO3, and Apoptosis signal-regulating 
protein kinase 1 (ASK1). In particular, I investigated the distinct roles of 14-3-3 and 
Ca
2+
/CaM in the regulation of CaMKK2 activity.  I also studied in detail the mechanism 
how 14-3-3 interferes with the caspase-2 oligomerization and its nuclear localization as 
well as provided a basis for transcriptional activity modulation of FOXO transcription 
factors by investigating a small-molecule compound binding to the DNA-binding domain 
of FOXO3. The structural studies of the complex between TRX binding domain of ASK1 
and TRX revealed that TRX interacts with ASK1 through its redox active site and the 
oxidation induces structural changes in the ASK1 TRX binding interface, suggesting that 
the ASK1 oxidation is an important regulatory signal for the complex dissociation. 
This doctoral thesis provides a comprehensive insight into the intriguing 
relationship between understanding the molecular mechanisms of activity modulation of 
signaling proteins and the knowledge of structural details of their complex interactions. The 
integrative interdisciplinary approach used in this work points at the new opportunities in 






AID .................................................... Autoinhibitory domain 
ASK1 ................................................. Apoptosis signal-regulating kinase 1 
ATP ................................................... Adenosine triphosphate 
CaM ................................................... Calmodulin 
CaMK ................................................ Ca
2+
/calmodulin-dependent protein kinase 
CaMKK ............................................. Ca
2+
/calmodulin-dependent protein kinase kinase 
CARD ................................................ Caspase activation and recruitment domain 
CBD ................................................... Calmodulin binding domain 
CD ..................................................... Catalytic domain 
CCC ................................................... C-terminal coiled-coil domain 
CRR ................................................... Central regulatory region 
DBD ................................................... DNA binding domain 
ER ...................................................... Endoplasmic reticulum 
ERK ................................................... Extracellular signal-regulated kinase 
Eq. ...................................................... Equation 
FAD ................................................... Flavin adenine dinucleotide 
Fig. ..................................................... Figure 
FOXO ................................................ Forkhead boxO 
HPLC ................................................. High performance liquid chromatography 
JNK .................................................... c-Jun N-terminal kinase 
KD ..................................................... Kinase domain 
LPS .................................................... Lipopolysaccharide molecules 
MAPK ............................................... Mitogen-activated protein kinase 
MKK .................................................. Mitogen-activated kinase kinase 
MS ..................................................... Mass spectrometry 
NADPH ............................................. Nicotinamide adenine dinucleotide phosphate 
NES ................................................... Nuclear export sequence 
NLS ................................................... Nuclear localization sequence 
NMR .................................................. Nuclear magnetic resonance 
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P ......................................................... Phosphorylated 
Pi ........................................................ Inorganic phosphate 
PH ...................................................... Pleckstrin homology domain 
pSer .................................................... Phosphoserine 
pThr .................................................... Phosphothreonine 
ROS .................................................... Reactive oxygen species 
SAXS ................................................. Small angle X-ray scattering  
SEC .................................................... Size exclusion chromatography 
Tab. .................................................... Table 
TBD ................................................... Thioredoxin-1 binding domain 
TNFα .................................................. Tumor necrosis factor α 
TPR .................................................... Tetratricopeptide repeats 
TRAF ................................................. TNF receptor-associated factors 
TRX ................................................... Thioredoxin-1 
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 1 INTRODUCTION 
 1.1 14-3-3 protein 
14-3-3 protein belongs to a family of regulatory molecules abundantly expressed in 
all eukaryotic cells in all tissues. It is a dimeric, acidic and highly conserved 30 kDa protein 
with seven isoforms identified in mammals (β, γ, ε, ζ, η, σ and τ).
1
 14-3-3 has been first 
identified in 1965 during the systematic analysis of proteins from bovine brain samples, its 
name originated from the 14
th
 position of elution fraction and 3.3 coordinates of the starch 
gel electrophoresis containing the 14-3-3 protein.
2
  
Through numerous protein-protein interactions, 14-3-3 can affect a function of 
many structurally different proteins, playing a key role in cell cycle control, metabolism, 
apoptosis, or cell signaling.
3
 The dimeric molecule of 14-3-3 protein is exclusively  
α-helical; each monomer contains nine antiparallel helices (H1-H9), of those the H3, H5, 
H7 and H9 helices form an amphipathic binding groove creating a large central channel 
(Fig. 1.1).
1,4
 Although there is a high percentage of sequence homology and minimal 
structural alterations between individual isoforms, they differ in the disordered C-terminal 




Figure 1.1. X-ray structure of a 14-3-3ζ dimer.
6
 Each monomer contains nine 
antiparallel helices (labeled H1-H9). PDB: 1IB1 
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 1.2 Apoptosis signal-regulating kinase 1 
Apoptosis signal-regulating kinase 1 (ASK1) is a human protein kinase at the top of 
the mitogen-activated protein kinase (MAPK) cascade, the signal transduction pathway that 
form a cell defense system against stressors. MAPKs are serine/threonine-specific protein 
kinases with a phosphorylation-dependent activation. The MAPK cascade includes three 
subgroups characterized in mammals: Extracellular signal-regulated kinase (ERK), p38 
MAPK and c-Jun N-terminal kinase (JNK) (Fig. 1.2). ERK pathway is regulated by growth 
factors and is implicated in cell cycle progression, proliferation and differentiation; p38 and 
JNK pathways respond to environmental stress stimuli such as reactive oxygen species 
(ROS), UV irradiation, osmotic stress or heat shock, mostly by activating cellular apoptotic 
processes.
7
 ASK1 phosphorylates and activates its downstream targets, MKK3 or MKK6 




Figure 1.2. Scheme of the MAP kinase signaling pathway. Several 
extracellular and intracellular stressors activate MAP3Ks that phosphorylate and 
activate MAP2Ks, further phosphorylating and activating MAPK. The MAPK 
cascade includes Extracellular signal-regulated kinase (ERK), p38 and c-Jun  





In the cell, ASK1 detects ROS and its primary cellular function is the maintenance 
of a redox balance. Enhanced expression and activation of ASK1 can lead to apoptosis and 
has been associated with many different diseases; however under suitable circumstances it 
can also support cell differentiation and survival.
10
 The deregulation of ASK1 has been 
implicated in tumorigenesis, cardiovascular and neurodegenerative diseases, inflammatory 
and infectious diseases, diabetes, asthma and ageing.
11
 
Human ASK1 has a molecular mass of 155 kDa and consists of 1374 amino acids 
that form three domains (Fig. 1.3). The thioredoxin (TRX) binding domain (TBD) found at 
the N-terminal part of the ASK1 molecule consists of amino acid residues 46-277; the 
central regulatory region (CRR) and the catalytic domain (CD) of ASK1 are located in the 
central part of the molecule and include amino acid residues 278-658 and 659-941, 
respectively. The 14-3-3 binding motif requires phosphorylation on phosphoserine pSer
966
, 




Figure 1.3. ASK1 domain organization. Numbers correspond to the amino acid 
sequence. The thioredoxin (TRX) binding domain is located at the N-terminus of 
ASK1, the tumor necrosis factor receptor-associated factor (TRAF) binding site is 
located in the middle of the central regulatory region (CRR) and the 14-3-3 
binding site is located between the catalytic domain and the C-terminal coiled-coil 
domain (CCC). CRR is divided into two subdomains: tetratricopeptide repeats 




The high resolution  structures of the individual ASK1 domains were obtained only 
for the CD and CRR in 2007 and 2017, respectively (Fig. 1.4 A, B).
12,13
 The crystal 
structure of the CD was solved in a complex with staurosporine and revealed a typical 
kinase fold with the three autophosphorylation sites spontaneously phosphorylated in the 
presence of ATP and magnesium cations. However, it has been suggested that the 
17 
 
phosphorylation does not directly regulate the catalytic activity of ASK1, but is rather 
required for the interaction with binding partners.
12
 The crystal structure of CRR was 
solved 10 years later and revealed 14 α-helices arranged into the seven tetratricopeptide 
repeats (TPR) with a compact and globular conformation followed by a pleckstrin 
homology (PH) domain with a highly hydrophobic interface.
13
  
Structure of the ASK1-TBD complex and the molecular mechanism of the ASK1 
inhibition remains unknown, the individual ASK1 domain configuration based on SAXS 
measurements suggests that the TBD is in the proximity to the CD and the bound TRX may 





Figure 1.4. ASK1 CD and CRR structure. A) X-ray structure of the catalytic 
domain (CD) of ASK1.
12
 The crystal structure of the CD with a typical kinase 
fold was solved in a complex with staurosporine. PDB: 2CLQ B) X-ray structure 
of the central regulatory region (CRR).
13
 The crystal structure of CRR revealed 14 
α-helices in seven tetratricopeptide repeats (TPR - yellow) segment followed by 
a pleckstrin homology (PH - violet) domain. PDB: 5ULM C) Surface 
representation of the individual ASK1 domain configuration based on SAXS 
measurements. ASK1-TBD (gray) is in a close vicinity to CD (green), the TPR 







Under reducing conditions, ASK1 directly self-associates through its CCC, forming 
an inactive oligomeric conformation known as “ASK1 signalosome”. In this complex, TRX 
bound to the kinase’s N-terminal part and 14-3-3 bound to the C-terminus ensure the 
inactive state of the kinase, however the molecular mechanism of the ASK1 activation 
process is unclear.
15
 The typical 14-3-3 binding motif RS
966
ISLP in the ASK1 molecule is 
located in a close proximity to the CD, thus probably affecting the active site accessibility 
by a conformational change and/or steric blocking.
16
 However, the molecular mechanism of 
the TRX biding is unknown because of the lack of structural data. 
The currently accepted mechanism of the ASK1 activation suggests that oxidative 
stress causes an intramolecular disulfide bridge formation in the TRX molecule, followed 
by its immediate dissociation from the complex (Fig. 1.5). It results in the 14-3-3 
dissociation allowing the recruitment of the two tumor necrosis factor receptor-associated 
factors TRAF2 and TRAF6 by the CRR. That induces an open conformation of the CRR 
resulting in the activation loop autophosphorylation and the active kinase.
13,14,17–21
 
However, the actual mechanism of the ASK1 activation is not yet fully understood. 
 
Figure 1.5. Putative model of the ASK1 activation. The ASK1 dimer is  
homo-oligomerized through the CCC domain; its activity is inhibited by the TRX 
binding at the N-terminus and 14-3-3 binding at the C-terminus. Reactive oxygen 
species (ROS) cause dissociation of both TRX and 14-3-3, the binding site is 
approached by TRAF and the phosphorylated (P) catalytic domain activates 





 1.3 Thioredoxin 
Thioredoxins are small 12kDa globular oxidoreductases found from archaea to 
mammals. They carry two conserved cysteine residues that easily accept and donate 
electrons establishing the double-catalytic redox active site.
23
 Under oxidative conditions, 
dithiols are reversibly oxidized to disulfides and reduced back to thiols, maintaining the 
intracellular redox state. In reducing cell environment, the disulfide bridge in the active site 
of TRX is reduced by FAD-containing thioredoxin reductase, allowing the electron transfer 
from nicotinamide adenine dinucleotide phosphate (NADPH) to many crucial enzymes, 
mostly regulating cell proliferation and survival (Fig. 1.6 A).
24,25
 There are two known 
mammalian isoforms of thioredoxin: thioredoxin-1 (here denoted as TRX), the essential 
redox regulator in the cytoplasm and thioredoxin-2, a much less studied isoform 
preferentially localized in mitochondria.
26,27
 
TRX plays an essential role in many key cellular processes including regulation of 
transcription factors with cysteine residues in the DNA binding site. The change in their 
redox status directly activates or inhibits the DNA binding, synthesis or repair, and 
therefore influencing cell differentiation and morphogenesis in embryogenesis. In addition 
to cytoplasmic proteins dependent on the TRX-derived antioxidant system, it has been 
found out that TRX can be translocated to the cell nucleus upon oxidation, affecting also 
the cell proliferation, growth simulation, gene transcription, chemotaxis and apoptosis.
28
 
The central core of TRX is formed by a β-sheet with three parallel and two 
antiparallel β-strands decorated by one longer and three shorter α-helices (Fig. 1.6 B).
29
 The 
disulfide ring with a redox active motif consists of 14 amino acids from the C-terminus of 
β2 to the N-terminal part of long α2 helix. Under oxidizing conditions, the disulfide bridge 




; however upon stronger 











Figure 1.6. A) Electron transport system. TRX facilitates the reduced 
environment by transferring electrons in a cyclic electron transport process. 
Adapted from 
29,30
. B) X-ray structure of a reduced TRX.
31
 The TRX structure 





 is highlighted in blue. PDB: 1ERT 
 1.4 Calmodulin 
Calcium-modulated protein calmodulin (CaM) is an abundant signaling protein 





determines the initial cellular response to a Ca
2+
 level change by specifically interacting 
with more than 120 enzymes from most classes of cellular proteins: kinases, phosphatases, 
plasma membrane Ca
2+
‐ATPase, transcription factors or voltage‐gated calcium channels.
32
 
CaM is a 17 kDa protein with the N- and C-terminal globular domains connected by 
a relatively long and highly flexible α-helical linker (Fig. 1.7).
33
 At the resting state, 
calcium cations bind to four EF-hand motifs with micromolar affinities that increase with 
the presence of target substrate.
34
 The compact and closed structure of the CaM apo-form is 
extended and opened upon the Ca
2+
 binding with the two α-helices in the EF-hand motifs 
changing their orientation and exposing amino acids from the hydrophobic cavity.
35
 The 
methyl groups from phenylalanines and methionines are then involved in the interaction 
with an amphiphilic α-helix from the targeted protein. The substrate binding causes the 
21 
 
CaM hydrophobic pocket to wrap around the target molecule and it simultaneously unfolds 








 The N- and C-
terminal globular domains are connected by a flexible α-helical linker. Calcium 
cations (blue) bind to four EF-hand motifs, the fifth binding site is non-
physiological crystallographic artefact. PDB: 1ERT 
 
CaM binding sites and interaction modes are characterized by an immense structural 
diversity that allows Ca
2+
/CaM complex to control a large basis of important cellular 




 1.5 Ca2+/CaM-dependent protein kinase kinase 2 
The Ca
2+
/CaM-dependent protein kinase kinase 2 (CaMKK2) is a member of the 
Ca
2+
/CaM-dependent kinase (CaMK) signaling cascade and belongs to the family of 
Ser/Thr protein kinases with a similar domain configuration: kinase domain (KD) bearing 
the catalytic site is followed by the autoinhibitory domain (AID) partially overlapped by the 
CaM binding domain (CBD) (Fig. 1.8).
38
 At low intracellular calcium concentrations, the 
AID interacts with the catalytic site and sterically blocks the KD. The Ca
2+
 influx causes 
the Ca
2+
/CaM binding to the CBD, inducing a substantial conformational change releasing 
the AID binding from the KD and activating the kinase.
39
 In the active state, CaMKKs 
specifically phosphorylate Thr residues inside the activation segment of the two 





There are two human isoforms on the top of the calcium signaling cascade: 
CaMKK1 and CaMKK2. Although they are highly sequentially homologous, with the 65% 
sequence identity and the 80% similarity, CaMKK2 differs in its autonomous activity and 




Figure 1.8. Domain organization of CaMKK2. The kinase domain is followed 
by the autoinhibitory domain that partially overlaps with the Ca
2+
/CaM binding 
domain. The N-terminal (N-term) regulatory domain contains three sites 




 are the 




CaMKK2 is therefore one of the most versatile CaMKs, responding to upstream 
extracellular signals such as insulin from the pancreas, adipogenic stimuli from the white 
adipose tissue (WAT) and lipopolysaccharide (LPS), amino acids, hormones or glucose 
from the circulation (Fig. 1.9) (reviewed in 
32
). Activation of CaMKI is involved in the 
regulation of a cell growth, axonal elongation or memory formation. CaMKK2-dependent 
activation of AMPK leads to a regulation of energy balance in the brain, liver or adipose 
tissue. The whole-body energy homeostasis is then controlled by the CaMKK2 activity, 
which coordinates actions of the key metabolic pathways involved in an adaptive 
thermogenesis or muscle hypertrophy (Fig. 1.10). Regulation of the CaMKIV activity 








Figure 1.9. The Ca2+/CaM-dependent kinase cascade.
32
 CaMKK2 responds to 
extracellular signals such as insulin from pancreas, adipogenic stimuli from white 
adipose tissue (WAT) and lipopolysaccharide (LPS), amino acids, hormones or 
glucose from the circulation. Activation of CaMKI is involved in the regulation of 
cell growth, AMPK leads to the regulation of energy balance, a regulation of 






Figure 1.10. The role of CaMKK2 in energy homeostasis.
32
 CaMKK2 regulates 
the whole-body energy homeostasis through coordinating key processes in 




The human isoform of CaMKK2 is a 65 kDa protein; the high-resolution structure 
has been solved only for the KD (amino acids 158-448) in a complex with its specific  
ATP-competitive inhibitor STO-609 (Fig. 1.11 A).
42
 The catalytic domain has a typical 
protein kinase fold, however the structure revealed unique properties when compared to 
other CaMKs. The CaMKK2 structure lacks αD helix formed by the conserved Pro residues 
in other CaMKs, the helical turn is replaced by β5-αE loop with a more hydrophobic 
substrate binding surface (Fig. 1.11 B).
42
 In contrast to the structures obtained for CaMKI 
and CaMKII, the CaMKK2 conformation appeared in a closed form, characteristic for the 
kinase active state. However, the intrinsically active state of CaMKK2 has been preserved, 
25 
 
even though the proposed phosphorylation sites within the activation loop were not 
phosphorylated, unlike in many other protein kinases.
43
 In the case of CaMKK2 structure, it 
is because of the Asn
346
 that is spatially equivalent to phosphothreonine and the conserved 
Phe
331









Figure 1.11. A) Crystal structure of the CaMKK2 kinase domain with bound 
inhibitor STO-609.
42
 PDB: 2ZV2 B) Superposition of CaMKK2 KD (red) with 
CaMKII KD (yellow). The CaMKII structure adopts open conformation, 
opposite to CaMKK2 that misses αD helix. PDB: 2BDW 
 
One of the most important differences in biological function of CaMKK1 and 
CaMKK2 are in their regulation. The CaMKK1 is strictly inhibited by the AID that is 
released by the Ca
2+
/CaM binding to the CBD. CaMKK2 has an autonomous kinase 
activity independent of the Ca
2+
/CaM binding. The autocatalytic mechanism is regulated by 
the three conserved autophosphorylation sites at the N-terminal loop (amino acids 124-
142).
44
 When these sites are phosphorylated, the Ca
2+
/CaM-independent kinase activity is 
prevented and the regulation depends on the phosphorylation status. This regulatory region 
is sequentially targeted and phosphorylated by the cyclin-dependent kinase 5 (CDK5) and 
glycogen synthase kinase 3 (GSK3), while one phosphorylation site is recognized by 







In addition to autoinhibitory mechanisms, both isoforms CaMKK1 and CaMKK2 
are partially inhibited by the PKA-dependent phosphorylation and consequently by the  
14-3-3 binding. PKA phosphorylates five sites in the CaMKK1 and four sites in the 
CaMKK2 sequence.
44
 The N-terminal phosphorylation regulates interactions of the 
substrates; the C-terminal phosphorylation blocks the binding of a Ca
2+
/CaM complex. The 
two PKA-dependent phosphorylation sites in CaMKK1 and CaMKK2 are also the 14-3-3 
binding sites; however the function of 14-3-3 and its involvement in CaMKKs inhibition 
are not yet fully understood. In the case of CaMKK1, the 14-3-3 binding inhibits the  
N-terminal dephosphorylation, thus keeping the kinase in the PKA-inhibited state.
46
 In 
addition, it has also been shown that the binding to 14-3-3 decreases the maximum velocity 
of the kinase suggesting the allosteric modulation of the enzymatic activity.
47
  
 1.6 Caspase-2 
Caspases belong to the family of cysteine endoproteases that cleave target substrates 
at the site following an aspartic acid residue. Mammalian caspases play a crucial role in the 
initiation of apoptosis (initiator and executor caspases) and in inflammatory cytokine 
signaling (inflammatory caspases).
48
 All caspases are initially produced as catalytically 
inactive zymogens called procaspases. Initiator or upstream procaspases become activated 
after aggregation into dimers or macromolecular complexes followed by the self-cleavage. 
Executor or downstream procaspases are dimeric molecules that are cleaved by upstream 
caspases into the three domains: non-active prodomain and an active complex containing 
p20 and p10 subunits.
49,50
  
Caspase-2 is one of the most evolutionary conserved initiator caspases. When 
activated, it triggers a proteolytic cascade cleaving downstream caspases and 
mitochondrial, plasma membrane or nuclear proteins, executing apoptotic cell death 
processes. More than 15 caspase-2 substrates have been identified to date, some of them 
implicated in human pathophysiology and tumorigenesis. From a functional point of view, 
caspase-2 influences the metabolic imbalance or DNA damage-induced cell death and 
endoplasmic reticulum stress response (reviewed in 
51
).  
The procaspase-2 (proC2) is a 45 kDa protein and its structure consists of the  
N-terminal caspase activation and recruitment domain (CARD), large subunit p19 and 
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small subunit p12 (Fig. 1.12 A).
52
 The fully active enzyme caspase-2 is formed by 
a noncovalent heterodimer with two p19 and two p12 subunits, the crystal structure of the 
active caspase-2 has been obtained for the complex with its inhibitor acetyl-Leu-Asp-Glu-
Ser-Asp-aldehyde (Fig. 1.12 B).
53
 The CARD domain mediates a dimerization process and 
subsequent autoactivation. The domain configuration and structure is analogous to other 
initiator caspases, however endogenous caspase-2 differs from other caspases in the cell 
localization.
54
 The C-terminus of the prodomain contains a linker between CARD and p19 
domains with classical nuclear localization sequence (NLS) that is responsible for import of 




Figure 1.12. A) Caspase-2 domain organization. The N-terminal caspase 
activation and recruitment domain (CARD) is followed by the nuclear localization 
sequence (NLS) with a 14-3-3 binding site, large subunit p19 and small subunit 
p12. Adapted from 
56
. B) Crystal structure of caspase-2.
53
 X-ray structure of 
active caspase-2 in a complex with its inhibitor acetyl-Leu-Asp-Glu-Ser-Asp-




In addition to autoactivation, procaspase-2 regulation also depends on the 
phosphorylation status. In Xenopus leavis, the NADPH generated by pentose-phosphate 
cycle is responsible for the phosphorylation of Ser
135
 located several residues upstream 
from the C-terminus of the CARD domain.
57
 This phosphorylation forms a 14-3-3 binding 
site, where 14-3-3 acts as an inhibitor of a protease activity, presumably by blocking the 
activation of caspase-2. Under acute nutrient deprivation, the procaspase-2 is 
dephosphorylated, 14-3-3 dissociates and catalytically active caspase-2 initiates apoptosis.
58
 
However, the precise role of 14-3-3 in the caspase-2 inhibition is not yet fully understood 
because of the lack of structural data.  
 1.7 Transcription factor FOXO3 
FOXO proteins belong to the family of forkhead box (FOX) transcription factors 
that includes more than 100 proteins divided into several classes from FOXA to FOXR, 
depending on their sequential homology.
59
 The “forkhead” nomenclature has its origin in 
the first identified member, where the mutation in a FOXA gene in Drosophila 
melanogaster caused a characteristic ectopic head structure with fork-like shape.
60
 All FOX 
transcription factors have a highly conserved DNA binding domain with three α-helices 
flanked by two characteristic loops and the FOX-DNA complexes are involved in a cellular 
differentiation and proliferation, longevity or tumorigenesis (reviewed in 
61
). 
Mammalian transcription factors from the O subclass, FOXO proteins, have four 
members: FOXO1, 3, 4 and 6, with FOXO1 first discovered in human alveolar 
rhabdomyosarcomas.
62
 FOXO proteins are negatively regulated by the insulin-PI3K-Akt 
signaling pathway. Binding of insulin as a growth factor induces activation of 
phosphoinositol-3-kinase (PI3K) that serves as an adaptor molecule for protein kinase B 
(PKB/Akt). PKB signaling then phosphorylates FOXO proteins, what inactivates the target 
gene transcription.
59
 However, the growth factor-mediated regulation of FOXO proteins is 
overcome when exposed to stress signals. This leads to a relocation of FOXOs from the 
cytoplasm to the nucleus. Therefore, FOXO proteins play a crucial role not only in 
apoptotic processes, but also in cell metabolism, oxidative stress response or DNA-damage 





The activity of FOXO proteins is regulated by posttranslational modifications, such 
as phosphorylation, ubiquitination and acetylation (reviewed in 
64
). Phosphorylation affects 
the subcellular localization by forming a 14-3-3 binding site. The binding of 14-3-3 protein 
causes export from the nucleus and simultaneously restricts the FOXO import into the 
nucleus.
64
 The acetylation affects the DNA binding by decreasing the FOXO-DBD affinity, 
acetylated systems then sustain expression of proapoptotic genes; deacetylated systems 
regulate expression of antioxidant genes.
64
 Monoubiquitination increases FOXO nuclear 




FOXO3 protein is a 67 kDa protein expressed in all types of human tissues. Its 
structure consists of the two distinct domains, the N-terminal typical forkhead DNA 
binding domain (DBD) that also includes the nuclear localization signal (NLS) and the C-
terminal transactivation domain (TAD) that is preceded by a nuclear export sequence 
(NES) (Fig. 1.13 A). The DBD is a 110 amino acids-long segment and it is responsible for 
recognizing and binding to a specific DNA sequence 5’- (C/A)(A/C)AAA(C/T)AA -3’, 
corresponding to insulin-responsive element (IRE) and 5’- GTAAA(T/C)AA -3’ 
corresponding to Daf-16 family member binding element (DBE) (Fig. 1.13 B, C). The NLS 
domain is responsible for the FOXO3 import to a cell nucleus, NES is involved in 







Figure 1.13. A) FOXO3 domain configuration. DNA binding domain (DBD) is 
surrounded by two 14-3-3 binding sites and followed by nuclear localization 
signal (NLS), nuclear export sequence (NES) and a C-terminal transactivation 
domain (TAD). Adapted from 
65
. B) The solution NMR structure of the DNA 
binding domain of human FOXO3.
66
 PDB: 2K86 C) The crystal structure of 
the DNA fragment bound to human FOXO3-DBD.
67
 PDB: 2UZK 
 
FOXO3 also acts as a tumor suppressor when regulating apoptosis induction and 
cell cycle arrest; however in certain types of cancer, it can promote drug-resistance or 
chemo-resistance by promoting cancer stem cells and regulating cellular detoxification.
68,69
 
FOXO3 is therefore an attractive therapeutic target. A reversible inhibition of the DNA 
binding to FOXO3 by small organic compounds that would compete with the target DNA 




 2 AIMS 
The main aim of this doctoral thesis was to study the molecular mechanism of the 
inhibition of four signaling proteins: Calcium/Calmodulin (Ca
2+
/CaM)-dependent protein 
kinase kinase 2, Caspase-2, Forkhead transcription factor FOXO3 and Apoptosis signal-
regulating protein kinase 1.  
 
Specific aims were: 
 
 To study the role of 14-3-3 and CaM in the regulation of Ca2+/CaM – dependent 1.
protein kinase kinase 2 activity, 
 
 To investigate the role of 14-3-3 in the regulation of Caspase-2 protease activity, 2.
 
 To investigate the structural basis of inhibition of the FOXO3-DNA interaction 3.
by small molecule inhibitors, 
 
 To study the molecular mechanism of the Apoptosis signal-regulating kinase 1 4.
activation. 
 
Various biophysical techniques including nuclear magnetic resonance spectroscopy, 
small angle X-ray scattering, time-resolved fluorescence spectroscopy, analytical 






 3 METHODS 
 3.1 Nuclear magnetic resonance 
Nuclear magnetic resonance (NMR) spectroscopy is one of the most powerful tools 
in structural biology. It provides not only information about the three dimensional 
molecular structure with the atomic resolution complementary to X-ray crystallography, but 
is also an indispensable technique for studies of biomolecular interactions and time-
dependent chemical phenomena, such as intramolecular dynamics or reaction kinetics.
70
 
Although the solid-phase NMR spectroscopy is becoming more widely used in structural 
biology, the most of the biomolecular NMR studies are carried out in solution. 
In an external magnetic field, the magnetic moments of atomic nuclei with non-zero 
spin precess around the axis of an external field. When applying a radio frequency pulse 
matching the frequency of a spin precession, the vector of nuclear magnetization rotates 
from its equilibrium position. With time, the magnetization vector returns back to the 
direction of the external field with fluctuating declining amplitude (free induction decay – 
FID) while inducing electric current that can be recorded by a receiver. The spin relaxation 
depends on the shielding effect (chemical shift) of locally induced magnetic fields that are 
determined by the molecular structure and geometry. The Fourier transformation of a FID 
function shows NMR spectrum of nuclei.
71
 Although the method is relatively insensitive 
compared to other spectroscopic techniques that work with higher energies, it can reveal 
detailed information about the molecular structure in solution. In biomolecules, NMR 
spectroscopy exploits the fact that the highly abundant protons are also the most sensitive 
NMR active nuclei. However, both proteins and nucleic acids contain repetitive subunits, 
amino acids and nucleotides, bringing extensive overlaps into proton NMR spectra that are 
proportional to the size of studied systems. This is reduced by acquisition of 





heteronuclei. Due to their low natural abundance, proteins have to be isotopically labelled 
during their recombinant expression. The size of the system that can be studied by NMR 
spectroscopy is limited, alongside to increased complexity of the spectra, also by the 
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unfavorable relaxation properties of the NMR active nuclei, which can be partially 
overcome by perdeuteration of non-labile proton positions in large proteins. 
 3.1.1 Sample preparation 
For the NMR structure determination of a protein molecule, the in vitro protein 




C-carbon. Isotopes are 
introduced to E. coli expression clones by enriched minimal media for protein expression 





C-labeled glucose as sole nitrogen and carbon sources. The deuterated 
protein sample is prepared using deuterated minimal media with a prolonged time of E. coli 
expression allowing bacteria to adapt to increased D2O content. 
All protein NMR measurements are conducted using 5mm Shigemi tubes matched 
to deuterium oxide solvent with 8mm bottom length. The protein NMR sample is 
concentrated to 100-300 µM and contains 90% H2O/10% D2O in a buffer with low salt 
concentration and neutral or slightly acidic pH.  
 3.1.2 Experiment design and measurement 






N need to be measured and evaluated for a protein structure determination. The 




N HSQC and 
a standard set of three-dimensional spectra: HNCO, HN(CA)CO, HNCACB, and 
CBCA(CO)NH experiments.  
The heteronuclear single quantum coherence (HSQC) spectroscopy is the most 
frequently used two-dimensional experiment in proteins, where the chemical shift is left to 
evolve on 
15
N-nitrogen and the magnetization is transferred back to the hydrogen via the  
J-coupling for detection. An HSQC experiment includes all N-H correlations from 
backbone amide groups together with Trp, Asn, Gln, Arg and Lys side-chains.
70,72
 The 
HNCO experiment is a standard 3D experiment, where the chemical shift is left to evolve 




N-nitrogen and  
13





then selectively to 
13




H for detection. The 
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complementary HN(CA)CO experiment correlates the same atoms, however the 




N, then it continues to 
13
Cα without chemical shift 
evolvement and only after that to 
13
CO. The principle of a magnetization transfer is 
preserved in other 3D experiments, HNCACB and CBCA(CO)NH, where the chemical 








The specific side-chain resonance assignment can be obtained using a combination 
of NMR experiments that correlate the backbone with side-chain resonances, such as 
HBHA(CO)NH, HCCH-TOCSY. The HBHA(CO)NH experiment is a straightforward 
extension of the CBCA(CO)NH experiment. In this case, the magnetization is further 
transferred from CA and CB to their directly attached protons, HA and HB. In the  
HCCH-TOCSY (Total correlation spectroscopy), the magnetization transfer from the  
side-chain hydrogen to the attached 
13
C is followed by a TOCSY isotropic mixing that 
ideally creates correlation between all carbons and protons within the spin system.
70,72
 
The final step of the NMR determination of protein structure requires the acquisition 
of isotopically edited NOESY experiments that allow for the identification of the Nuclear 
Overhauser effect (NOE), the cross-relaxation through space (mutual dipolar relaxation of 
nearby spins). The quantified NOEs between specific protons are then introduced as 
distance restraints to the final structure calculations. The NOE-derived distance restrains 
can be further complemented by the restraints for dihedral angles obtained using the  




 3.2 Small angle X-ray scattering 
Small angle X-ray scattering (SAXS) is a solution technique, which enables the low 
resolution structural characterization of proteins and protein complexes. It provides 
information about the global shape and conformation of biological macromolecules in their 
native environment, while maintaining their essential flexibility. An inherent limitation of 
this technique is that SAXS data contain much less structural information compared to the 
diffraction pattern in protein crystallography. However SAXS requires modest and cheaper 





In SAXS, the solution of bio-macromolecules is irradiated by a collimated X-ray 
beam and scattered X-rays are detected on X-ray flat panel detectors. The scattering signal 
is continuous and radially symmetric due to the averaging of the scattered rays from the 
randomly oriented distribution of particles in solution. The scattering intensity I(s) is 
a function of the momentum transfer s: 
𝑠 = 4𝜋 sin
𝜃
𝜆
 (Eq. 1) 
where 2θ corresponds to the scattering angle and λ represents the radiation 
wavelength.
75
 The scattering intensity of a homogeneous solution of target particles is 
a function of the distance distribution function of the particle P(r): 






 (Eq. 2) 
where Dmax is the maximum distance within the particle.
74
 The distance distribution 
function P(r) is radially averaged autocorrelation function calculated from the Fourier 
transformation of scattering intensities and it shows a distribution of the distances between 
electrons in the sample. P(r) function has a zero value at 𝑟 = 0 and 𝑟 ≥ 𝐷max.
74
 
For low s values, the scattering can be described using the Guinier approximation: 
𝐼(𝑠) = 𝐼0exp[−(𝑠
2𝑅g
2)/3] (Eq. 3) 
where Rg is the radius of gyration and I0 is the scattering intensity at s = 0.
74
  
The Guinier plot of ln 𝐼(𝑠) vs. 𝑠2 enables extraction of Rg and I0 values and the 
degree of its linearity describes the interparticle attraction and repulsion force together with 
the proper background subtraction.
74
 Another useful presentation of scattering data is the 
dimensionless Kratky plot (𝑠𝑅g)
2𝐼(𝑠)/𝐼(0) vs.⁡(𝑠𝑅g). A shape of the Kratky plot curve 
indicates the conformational flexibility of a protein, regardless of its size.
76
  
 3.2.1 Sample preparation 
For the SAXS experiment, the protein sample should have a high purity and be 
homogeneous without any signs of aggregation; therefore samples are prepared in 
a concentration range between 0.5 – 10 mg/mL. To provide a well-defined signal-to-noise 
ratio, the protein buffer should not contain scattering components such as glycerol or 




 4 RESULTS AND DISCUSSION 
 4.1 Publication I: Role of 14-3-3 in the regulation of 







, Lentini, D., Kalabova, D., Herman, P., 
Obsilova, V. & Obsil, T. 14-3-3 protein directly interacts with the kinase domain of 
calcium/calmodulin-dependent protein kinase kinase (CaMKK2). Biochim. Biophys. Acta - 
Gen. Subj. 1862, 1612–1625 (2018). 
 
My contribution: expression and purification of CaMKK2, 14-3-3 and CaM; preparation 
of phosphorylated CaMKK2, single tryptophan mutants of CaMKK2 and dansyl-labeled 
CaM; sample preparation and further optimization for the small-angle X-ray scattering and 
time-resolved dansyl and tryptophan fluorescence experiments; small-angle X-ray 




 4.1.1 Motivation of the study 
There are two human Ca
2+
/CaM–dependent protein kinase kinase (CaMKK) 
isoforms:  CaMKK1 and CaMKK2. Both isoforms have two common downstream targets: 
CaMKI and CaMKIV and their activation is regulated by a Ca
2+
/CaM binding. CaMKK1 
shares high sequence identity with CaMKK2, nevertheless CaMKK2 also activates AMPK 
and exhibits autonomous activity in contrast to CaMKK1. The regulation of CaMKK1 has 
previously been studied and it has been suggested that its inhibition by the PKA-mediated 
phosphorylation is further enhanced by 14-3-3 proteins. Although CaMKK2 also contains 
two 14-3-3 binding motifs in its sequence, the role of 14-3-3 binding in the regulation of 
CaMKK2 activity is still unclear.  
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Therefore, the main goal of this work was to investigate the role of 14-3-3 in the 
regulation of CaMKK2 by performing the structural and biophysical characterization of the 
complex between CaMKK2 and 14-3-3. 
 4.1.2 Sample preparation 
To determine the role of 14-3-3 in the regulation of CaMKK2 activity, the construct 
suitable for structural analysis was designed. The DNA encoding human CaMKK2 with 
amino acid sequence 93-517 was ligated into a selected plasmid, containing the catalytic 
domain, the Ca
2+
/CaM binding domain and both suggested 14-3-3 binding motifs. In 




, which are also predicted  
14-3-3 binding motifs; the sequence also contained two additional inhibitory PKA 




, which were mutated to Ala. To avoid 
autophosphorylation, the catalytic aspartate residue Asp
330
 was mutated to Ala. The 
modified CaMKK2 construct (CaMKK2-S
100,511
) was recombinantly expressed and 
phosphorylated in vitro by PKA, the HPLC-MS analysis confirmed complete 
phosphorylation of Ser
100
 and 50% phosphorylation of Ser
511
, which was consistent with 
previous reports.
46
 Because the N-terminal 14-3-3 binding site is phosphorylated to the 
significantly higher extent, an additional construct containing only the Ser
100
 with mutated 
Ser
511
 to Ala was also prepared (CaMKK2-S
100
).  
 4.1.3 14-3-3 binds to CaMKK2 
To verify the 14-3-3 binding to CaMKK2, analytical ultracentrifugation experiments 
were performed. The data analysis revealed that a dimer of 14-3-3γ binds to phosphorylated 
CaMKK2-S
100
 with a 1 ± 0.5 µM affinity, while to phosphorylated CaMKK2-S
100,511
 with 
a higher affinity of ˂ 0.4 µM, thus suggesting that the phosphorylated C-terminal 14-3-3 
binding site increases the stability of the complex.  
To characterize the 14-3-3 binding motifs in CaMKK2, the crystallization studies 
were performed. The 14-3-3ζΔC (construct missing the highly flexible C-terminal tail) 
isoform was crystalized with a phosphopeptide RKLpSLQER that corresponds to the  
N-terminal CaMKK2-S
100
 14-3-3 binding site and the 14-3-3γΔC isoform was crystalized 





14-3-3 binding site. The crystal structures revealed that the main chain conformations of 
both phosphopeptides are highly similar to those observed in the previously determined 
structures of 14-3-3 complexes. 
 4.1.4 14-3-3 binding does not inhibit the CaMKK2 activity  
To determine whether CaMKK2 is also inhibited by the 14-3-3 binding, as in the 
case of CaMKK1, the kinase activity measurements were performed. Surprisingly, the data 
analysis revealed that the 14-3-3 binding does not inhibit the catalytic activity of CaMKK2 
toward its physiological substrates. To test the effect of 14-3-3 on the CaMKK2 
dephosphorylation, the limited dephosphorylation experiment was performed. The 





 was treated by protein phosphatase 1 in the presence or absence of  
14-3-3γ and the temporal degree of dephosphorylation was determined by HPLC-MS. The 
data analysis revealed that the 14-3-3 binding slows down the dephosphorylation of both 
inhibitory PKA sites in the CaMKK2. 
 4.1.5 14-3-3 protein is in a direct contact with the CaMKK2 
kinase domain  
To investigate whether the 14-3-3 protein directly interacts with the kinase domain of 
CaMKK2 (Fig. 4.1), small angle X-ray scattering (SAXS) measurements were performed.  
 
Figure 4.1. The two possible 14-3-3:CaMKK2 complex conformations. A) The 
14-3-3:CaMKK2 complex in a loose conformation. A dimer of 14-3-3 (green) 
binds through the N-terminal Ser
100
 motif (blue) of a stretched CaMKK2. It has 
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been suggested that the C-terminal 14-3-3 binding motif containing Ser
511
 
(orange) is not physiologically relevant. B) The 14-3-3:CaMKK2 complex in 
a compact conformation. A dimer of 14-3-3 (green) binds through the N-terminal 
Ser
100
 (blue) motif of CaMKK2 and directly interacts with the kinase domain 
(gray). 
 





 alone and in a complex with the dimeric 14-3-3C (Fig. 4.2 A). In all 
samples containing CaMKK2-S
100,511
, the incompletely phosphorylated Ser
511
 led to 
a mixture of two complexes with either just the N-terminal Ser
100
 or both serines docked 
within the binding grooves of the 14-3-3 dimer. The absence of attractive interparticle 
interactions revealed by the linear Guinier plots in all samples confirmed that no 
aggregation was present within the used concentration range (Fig. 4.2 B). The stability of 
the prepared complexes exhibited no significant concentration dependence of the forward 
scattering intensity I(0), the Porod volume Vp, and the radius of gyration Rg (Tab. 4.1). P(r) 
functions for CaMKK2s alone and for both complexes are asymmetric and show longer 
inter-particle distances and a larger maximum distance (Dmax) compared to the 14-3-3C 
dimer alone, thus suggesting that CaMKK2 is a significantly more extended protein 
(Fig. 4.2 C). The increased conformational flexibility of CaMKK2 and the complex with 
14-3-3 is also showed by the dimensionless Kratky plot ((sRg)
2
I(s)/I(0) versus sRg) 
(Fig. 4.2 D). In the case of CaMKK2-S
100,511
, the lower Rg and Dmax values together with 
the lower maximum of Kratky plot for the complex with 14-3-3C indicate that CaMKK2 
phosphorylated at both serines forms a more compact 14-3-3 complex with a decreased 



































3.0 28.7  0.4 28.6  0.4 89 77.8 54  1 49 
1.5 29.0  0.4 29.0  0.4 89 82.8 55  1 52 
CaMKK2 
2.8 32.6  0.3 32.7  0.3 126 95.6 48  1 60 





16.9 42.3  0.6 42.4  0.6 146 160.4 92  1 100 
12.6 42.5  0.6 42.6  0.6 144 163.4 95  1 102 





11.9 39.9  0.7 40.0  0.7 141 164.8 97  1 103 
6.5 39.1  0.6 39.2  0.6 141 159.6 94  1 100 
a
Calculated using Guinier approximation. 
b
Calculated using the program GNOM. 
c
The excluded volume of the hydrated particle (the Porod volume). 
d
Molecular weight estimated by comparing the forward scattering intensity I(0) with that of 
the reference solution of bovine serum albumin. 
e




Theoretical molecular weights of the 14-3-3C dimer, CaMKK2s and the CaMKK2:14-3-





Figure 4.2. SAXS analysis of the CaMKK2 and the complex with 14-3-3.  
A) Scattering intensity as a function of the scattering vector s of 14-3-3C alone, 
CaMKK2-S
100
 alone, the 14-3-3C:CaMKK2-S
100
 and the 14-3-3C:CaMKK2-
S
100,511
 complexes mixed at 2:1 molar stoichiometry. B) Guinier plots for 
scattering curves shown in panel A). C) Distance distribution functions P(r) 
calculated from scattering data using the program GNOM.
78
 D) Dimensionless 




Experimental SAXS curves and calculated parameters provide a basis for the 
structural modeling. To obtain an insight into the relative orientation of CaMKK2 and  
14-3-3 within the complex, the program MONSA was used.
79
 It utilizes a multiphase 
modeling with an ab initio bead model, which for the complex between 14-3-3C and 
CaMKK2-S
100
 consists of two phases representing individual proteins within  
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a low-resolution molecular envelope.
80
 The calculated molecular envelope of the  
14-3-3:CaMKK2 complex had an asymmetric shape, with most of the CaMKK2 phase 
stretched out into the solution.  Surprisingly, the kinase was attached to the side of the  
14-3-3 dimer, instead of being located in the central channel of the 14-3-3 dimer, leaving 
a deep depression in the center of the 14-3-3 phase (Fig. 4.3 A). Next, the program CORAL 
was used for a rigid body docking of the 14-3-3:CaMKK2 complex.
77
 To this end, the 
crystal structures of the 14-3-3C (PDB: 2B05) and the CaMKK2 kinase domain 
(PDB: 2ZV2) were used and the unstructured segments missing in the crystal structures 
were modeled as dummy residue chains. Similarly to MONSA model, the final CORAL 
model of the complex revealed an asymmetric shape with CaMKK2 located outside the 
central channel of the 14-3-3 dimer (Fig. 4.3 B). The theoretical SAXS curve of the 
CORAL model exhibited a 
2
 value of 1.3 when compared to the experimental curve. 
Therefore, the structural modeling suggested that CaMKK2-S
100
 interacts with 14-3-3 not 
only through the N-terminal site containing Ser
100
 but also via a direct interaction with the 
kinase domain.  
 
Figure 4.3. SAXS-Based Structural Modeling of the 14-3-3:CaMKK2-S
100
 
Complex. A) A MONSA multiphase reconstruction for the complex between  
14-3-3C (cyan) and CaMKK2-S
100
 (yellow). B) The final CORAL model of the 
complex between 14-3-3C (cyan) and CaMKK2-S
100
 (yellow). For the rigid 
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body modeling the crystal structure of the 14-3-3C (PDB: 2B05) and the 
CaMKK2 kinase domain (PDB: 2ZV2)
42
 were used, the unstructured CaMKK2 
segments missing in the crystal structure were modeled as dummy residue chains. 
The residue Ser
100
 is shown in red. 
 4.1.6 14-3-3 does not affect the Ca
2+
/CaM binding to CaMKK2 
To test whether 14-3-3 affects the Ca
2+
/CaM binding to CaMKK2, time-resolved 
dansyl fluorescence was measured.
81
 The interaction between dansyl-labeled CaM  
(dans-CaM) and CaMKK2 was investigated in the absence and presence of 14-3-3 using 
time-resolved fluorescence intensity and anisotropy decay measurements (Tab. 4.2).  
 
Table 4.2. Summary of the time-resolved dans-CaM fluorescence measurements. 










































 Dansyl-CaM 15.2 0.18 120 < 0.1 0.03 0.6 0.02 2.5 0.10 9.3 0.12 
 + 14-3-3 15.9 0.19 120 < 0.1 0.03 0.5 0.02 1.9 0.08 8.4 0.15 
 + S100 20.5 0.01 4 
  
2.5 0.01 12 0.11 49 0.15 
 + S100 + 14-3-3 20.5 0.00 0 
  
3.0 0.01 11 0.10 49 0.16 
 + S100,511 20.6 0.01 3   4.7 0.03 16 0.10 52 0.15  
+ S
100,511
 + 14-3-3 20.2 0.11 53   2.8 0.02 12 0.08 88 0.16  
a
Mean lifetimes were calculated as mean=ifii, where fi is an intensity fraction of the i-th 
lifetime component i.  
b
S.D. value is  0.1 ns. 
c
The anisotropies r(t) were analyzed for a series of exponentials by a model-independent 
maximum entropy method. 
d
Fast unresolved component. 
e
Stern-Volmer constant of acrylamide quenching.       
f




The data analysis revealed that the Ca
2+
/CaM binding to CaMKK2 is accompanied 
by a significant increase in the mean excited-state lifetime (τmean) and in the longest 
correlation time ϕ4 of the dans-CaM, because the overall rotational diffusion coefficient 
decreases upon the complex formation. The anisotropy decay measurements showed that 
the 14-3-3γ binding did not induce any changes in the mobility of dans-CaM when added to 
the complex with CaMKK2-S
100
 (Fig. 4.4 A). On the other hand, the 14-3-3γ binding to 
CaMKK2-S
100,511
 caused an elevation of the anisotropy decay tail (Fig. 4.4 B). These 
results indicate that the 14-3-3 binding has no effect on the stability of the complex 
between Ca
2+
/CaM and CaMKK2. In addition, the binding of the partially phosphorylated 
C-terminal Ser
511
 of the CaMKK2-S
100,511
 to the second protomer of the 14-3-3 dimer 
probably affects the conformation of the segment with bound dans-CaM. 
 
Figure 4.4. Time-resolved dansyl fluorescence measurements. A) Fluorescence 
anisotropy decays of free dansyl-Ca
2+
/CaM (open circles) in the presence of 
CaMKK2-S
100
 (closed triangles), and in the presence of CaMKK2-S
100
 with  
14-3-3 (open triangles). B) Fluorescence anisotropy decays of free  
dansyl-Ca
2+
/CaM (open circles) in the presence of CaMKK2-S
100,511
 (closed 
triangles), and in the presence of CaMKK2-S
100,511
 with 14-3-3 (open triangles). 
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 4.1.7 CaMKK2 conformational changes upon the 14-3-3 
binding 
To investigate the CaMKK2 conformational changes upon the 14-3-3 binding, four 
mutants of CaMKK2 carrying single tryptophan residue and the tryptophan lacking  





, the variants carrying single tryptophan residue were 
created by mutating the other tryptophan residue to phenylalanine. Because both 
tryptophans are located at the C-terminus, the artificial single tryptophan residues were 




, respectively, while changing 
the two naturally occurring tryptophans to phenylalanines. The fluorescently silent 14-3-3 




The analysis of the fluorescence intensity decay data revealed that the binding of 
14-3-3 noW causes an increase in the mean excited-state lifetime (τmean) in the case of 
CaMKK2-S
100
 single tryptophan mutants containing Trp
140
 (Fig. 4.5 A) and Trp
445
  





The increase in mean indicates a change of quenching interactions and/or polarity caused by 




 residues. The 14-3-3 binding therefore affects the 
conformation within the N-terminal regulatory segment in the vicinity of Trp
140
, which is 
close to the regulatory phosphorylation site Thr
145





Figure 4.5. Time-resolved tryptophan fluorescence measurements.  
A) Normalized fluorescence intensity decays of CaMKK2-S
100
 mutant containing 
single Trp
140
, in the absence (open circles) and presence (closed circles) of  
14-3-3 noW. Triangles denote instrument response function. B) Same as A) for 
the CaMKK2-S
100
 mutant containing single Trp
445
. 
 4.1.8 Conclusion 
The main aim of this study was to understand the role of 14-3-3 binding in the 
regulation of CaMKK2 activity. Analytical ultracentrifugation experiments confirmed  
14-3-3 binding to phosphorylated CaMKK2 with the binding affinity in the low M range. 
The kinase activity measurements revealed that the 14-3-3 binding does not inhibit the 
catalytic activity of CaMKK2; however it slows down the dephosphorylation of the 
inhibitory PKA phosphorylation sites in the CaMKK2 sequence. The small angle X-ray 
scattering measurements showed that 14-3-3 is directly interacting with the kinase domain 
of CaMKK2. The data analysis also suggested an asymmetric shape of the complex with 
the kinase domain of CaMKK2 located outside the central channel of the 14-3-3 dimer. The 
time-resolved dansyl fluorescence experiments showed that the 14-3-3 does not affect the 
Ca
2+
/CaM binding to CaMKK2. And finally, the time-resolved tryptophan fluorescence 
measurements revealed that the 14-3-3 binding affects the conformation of CaMKK2 in 
several regions outside the N-terminal phosphorylated 14-3-3 binding motif. In conclusion, 
the role of 14-3-3 in the regulation of CaMKK2 appears to be based on the inhibition of 
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the dephosphorylation of regulatory PKA phosphorylation sites rather than the direct 
structural modulation of the kinase domain.  
 4.2 Publication II: The role of CaM in the regulation of 
Ca2+/CaM – dependent protein kinase kinase 2 activity 
Kylarova, S., Psenakova, K., Herman, P., Obsilova, V. & Obsil, T. CaMKK2 kinase 
domain interacts with the autoinhibitory region through the N-terminal lobe including the 
RP insert. Biochim. Biophys. Acta - Gen. Subj. 1862, 2304–2313 (2018). 
My contribution: expression and purification of CaMKK2 and CaM; preparation of single 
tryptophan mutants of CaMKK2; sample preparation and further optimization for the small-
angle X-ray scattering and time-resolved tryptophan fluorescence experiments; small-angle 
X-ray scattering data analysis; all docking calculations and refinement of the structural 
model based on the experimental data.  
 4.2.1 Motivation of the study 
The Ca
2+
/CaM – dependent protein kinase kinase 2 (CaMKK2) activates three 
downstream targets: CaMKI, CaMKIV and AMPKA, involved in key cellular functions. 
The CaMKK2 activity is regulated by the Ca
2+
/CaM binding, however, the interaction 
mechanism remains unclear due to the lack of structural data. The CaMKK2 sequence 
shows distinct alterations from other CaMKs suggesting that the Ca
2+
/CaM binding-
induced conformational changes different from other CaMKs might occur.  
The main goal of this work was to reveal the mechanistic details of the Ca
2+
/CaM 
binding-dependent regulation of CaMKK2 by structural characterization of the 
conformational changes caused by the complex formation.  
 4.2.2 Sample preparation 
To characterize the conformational changes of CaMKK2 caused by the Ca
2+
/CaM 
binding, the CaMKK2 construct suitable for structural analysis was designed. The DNA 
encoding human CaMKK2 with the amino acid sequence 93-517 was ligated into a selected 
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plasmid, containing the catalytic domain (CD), the autonomous activity region, the 
Ca
2+
/CaM binding domain (CBD) and the autoinhibitory domain (AID). To avoid the 
autophosphorylation, the catalytic aspartate residue Asp
330
 was mutated to Ala. The 
CaMKK2 construct was recombinantly expressed and purified in a sufficient quantity for 
detailed characterization. 
 4.2.3 The  Ca
2+
/CaM binding-induced conformational changes 
of CaMKK2 
To compare changes in solvent accessibility of CaMKK2 upon Ca
2+
/CaM binding, 
the hydrogen/deuterium exchange coupled to mass spectrometry (HDX-MS) measurements 
were performed. In HDX-MS, the deuteration levels of CaMKK2 in the absence and 
presence of Ca
2+
/CaM were followed on 22 selected peptides covering the entire CaMKK2 
sequence after 60 s (exchange on a short timescale) and 5 h (exchange on a long timescale) 
of deuteration reaction. The data analysis for both timescales revealed that the most 
significant change in the deuterium incorporation occurred in the helix αE and strands  
1-2 and 6-8 of the CaMKK2 kinase domain together with a surface located on the 
opposite site formed by strands 4-5 and the helix αC (Fig. 4.6). Therefore, results from 
HDX-MS suggested that the regions surrounding the ATP binding pocket are subjected to 











/CaM binding-induced changes within the kinase domain of 
CaMKK2. The HDX-MS results of Ca
2+
/CaM binding to CaMKK2 mapped to 
the crystal structure of the CaMKK2 kinase domain (PDB: 5UY6). The small 
molecular inhibitor 8R4 is bound inside the ATP binding pocket. 
 
To investigate the CaMKK2 conformational changes upon the Ca
2+
/CaM binding, 
the time-resolved tryptophan fluorescence intensity and anisotropy decays were measured. 
Six variants of CaMKK2 carrying a single tryptophan residue at different positions were 













. CaM has no tryptophan residue in 
its sequence, therefore it is naturally fluorescently silent. Fluorescence intensity decay 
measurements and the lifetime distribution analysis showed that the Ca
2+
/CaM binding 






 (Fig. 4.7) in contrast to 










Figure 4.7. Time-resolved tryptophan fluorescence measurements. A) The 
crystal structure of the CaMKK2 kinase domain (PDB: 5UY6). Green spheres 
highlight Trp
374








 replaced by 




 (C) and 
Trp
366
 (D) in the absence (gray) and presence of Ca
2+
/CaM (red). 




Small angle X-ray scattering (SAXS), chemical cross-linking (XL-MS) and 
molecular docking simulations were performed to study the architecture of the complex 
between CaMKK2 and Ca
2+
/CaM. Small angle X-ray scattering was measured for 
CaMKK2 in a complex with Ca
2+
/CaM at several protein concentrations. The absence of 
aggregation was confirmed by the linear Guinier plots in all samples within the used 
concentration range (Fig. 4.8 A). The P(r) functions for CaMKK2s alone and for its 
complex with Ca
2+
/CaM showed the similar maximum distance (Dmax), however the 
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complex exhibited higher proportion of longer inter-particle distances (Fig. 4.8 B). 
Furthermore, the dimensionless Kratky plot ((sRg)
2
I(s)/I(0) versus sRg) indicated substantial 
conformational flexibility of both CaMKK2 and the complex with Ca
2+
/CaM (Fig. 4.8 C).  
 
Figure 4.8. SAXS Analysis of the complex between CaMKK2 and Ca
2+
/CaM. 
Scattering intensity as a function of the scattering vector s of CaMKK2 (2.3 
mg·mL
-1
, black squares) and the CaMKK2:Ca
2+
/CaM complex prepared with the 
2:1 molar stoichiometry (2.4 and 5.8 mg·mL
-1
, blue circles and red triangles, 
respectively). Guinier plots for scattering curves are shown in the inset. B) 
Distance distribution functions P(r) calculated from the scattering data using the 
program GNOM.
78





The experimental SAXS curves with calculated parameters were further used for the 
structural modeling of the CaMKK2:Ca
2+
/CaM complex. To obtain the relative position of 
CaMKK2 and Ca
2+
/CaM within the complex, the chemical cross-linking coupled to MS 
was performed. Two cross-linking agents that react with amine-groups were used: 
disuccinimidyl glutarate (DSG) and disuccinimidyl suberate (DSS). These experiments 
revealed three unique regions of CaMKK2 within the kinase domain connected to three 
different regions of Ca
2+
/CaM. Cross-links connect the CaMKK2 kinase domain with the 
N- and C-terminal domains of Ca
2+
/CaM; the CaMKK2 Ca
2+
/CaM binding domain to the 
C-terminus of Ca
2+
/CaM; and the N-lobe of the CaMKK2 kinase domain to the first N-
terminal helix of CaM. The presence of several cross-links between Ca
2+
/CaM and the 
kinase domain of CaMKK2 indicates that the Ca
2+
/CaM bound to CaMKK2 directly 
interacts with the kinase domain. 
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The SAXS parameters and obtained cross-links provided the basis and distance 
restraints for structural modeling of the complex. The docking simulation was performed 
using the program HADDOCK
83
 using the crystal structure of the CaMKK2 kinase domain 
(PDB: 5UY6) and the solution structure of Ca
2+
/CaM bound to the CaMKK1 CaM-binding 
segment (PDB: 1CKK)
84
. The structure with the lowest intermolecular energy chosen as 
a final model was in a good agreement with the distance restraints obtained from the 
chemical cross-linking experiments (Fig. 4.9) and it suggested that the kinase domain of 
CaMKK2 interacts with Ca
2+
/CaM preferentially through surfaces surrounding the  
C-terminal part of helix E. 
 
Figure 4.9. Model of the CaMKK2 KD:Ca
2+
/CaM complex. The structure was 
modeled using the program HADDOCK
83
 with the crystal structure of the 
CaMKK2 KD (PDB: 5UY6), the solution structure of Ca
2+
/CaM bound to the 
CaMKK1 CaM-binding segment (PDB: 1CKK)
84
, and intermolecular distance 
restraints obtained from the chemical cross-linking experiments.  
 4.2.5 Conclusion 
The main aim of this study was to understand the molecular mechanism of the 
Ca
2+
/CaM interaction with CaMKK2. The structural study revealed that the interaction 
between the CaMKK2 kinase domain and the autoinhibitory domain differs from other 
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CaMKs and involves surfaces of the N-terminal lobe of the kinase domain, including 
a unique Arg-Pro-rich insert. The HDX-MS results suggested that Ca
2+
/CaM binding 
affects the structure of the regions surrounding the ATP binding pocket as well as the 
activation segment. The SAXS measurements further showed that the complex formed 
between CaMKK2 and Ca
2+
/CaM is rather compact, and the Ca
2+
/CaM bound to the 
autoinhibitory domain of CaMKK2 transiently interacts with the kinase domain.  
Thus, our results indicate that interactions between the CaMKK2 kinase domain and 
the autoinhibitory domain differ from those of other CaMKs and that the autoinhibitory 
domain inhibits CaMKK2 by blocking the unique Arg-Pro-rich insert and by affecting the 
structure of the ATP-binding pocket. 
 4.3 Publication III: The role of 14-3-3 in the regulation of 
Caspase-2 protease activity 
Smidova, A., Alblova, M., Kalabova, D., Psenakova, K., Rosulek, M., Herman, P., Obsil, 
T. & Obsilova, V. 14-3-3 Protein Masks the Nuclear Localization Sequence of Caspase-2. 
FEBS J. 285, 4196–4213 (2018).  
My contribution: expression and purification of 
15
N-labeled 14-3-3; sample preparation 
and further optimization for the NMR experiments; NMR experimental design and 
measurements; NMR data evaluation; docking calculations and refinement of the structural 
model based on the experimental data.  
 4.3.1 Motivation of the study 
Caspase-2 is a human protease involved in the regulation of the apoptotic signaling 
cascades by proteolysis of cellular substrates. Capase-2 activity is inhibited by 
phosphorylation followed by 14-3-3 binding. 14-3-3 recognizes two phosphoserines within 
the caspase-2 sequence located in the linker between the caspase recruitment domain and 
the p19 domain. However, the mechanistic details of the 14-3-3 binding to caspase-2 and its 
role in the regulation of the caspase-2 activity remain unclear.  
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The main goal of this work was to determine the role of 14-3-3 in the regulation of 
caspase-2 by performing the structural and biophysical characterization of the complex 
between caspase-2 and 14-3-3. 
 4.3.2 The 14-3-3 binding surface mapping by NMR 
To map the 14-3-3 binding interface in a complex with procaspase-2 (inactive 
caspase-2), the Nuclear magnetic resonance (NMR) spectroscopy was used. The published 
sequence-specific backbone resonance assignment of 14-3-3ζΔC construct (missing the 
flexible 12 residue long C-terminal tail) was used to analyze procaspase-2 biding-induced 
changes.
85
 The NMR titration experiments of 
15
N-labeled 14-3-3ζΔC by unlabeled 
procaspase-2 revealed several changes in signal positions and intensities upon the complex 
formation (Fig. 4.10, 4.11). The most affected regions, involved in the interaction either 
directly or through conformational change, are helices forming the ligand-binding groove 
(H3, H5, H7, and H9) together with helices H4, H8 and H6 (Fig. 4.11 C). These changes 
suggest that the p12 and p19 domains of proCaspase-2 are located within the 14-3-3ζ 
central channel through interaction with the C-terminal helix H9. However, the affected 
residues of 14-3-3ζΔC are protruding from the inside to the outside of the dimer, suggesting 
that the binding effect propagates due to allosteric structural changes to the peripheral parts 















N HSQC spectra of 
15
N-labeled 14-3-3ζΔC in the absence (red) or in the presence of a two-fold molar 




Figure 4.11. Procaspase-2 (proC2) binding-induced changes in the NMR 
spectra of 14-3-3ζΔC. proC2 binding to 14-3-3ζ was evaluated by NMR titration 
of 
15
N-labeled 14-3-3ζΔC with unlabeled proC2 to a final molar ratio 2:1.  
A) Comparison of representative signals of free (red) and proC2-bound (green) 




N HSQC spectra. B) The summary of chemical shift 





HSQC spectra induced by proC2 binding. The relative CSPs were calculated as 













N, respectively, in the 
free and bound states.
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 The interaction induced both the change in positions (red 




N HSQC spectrum of 
14-3-3ζΔC. The regions of the protein backbone that could not be unambiguously 
assigned are highlighted in gray. The helical organization within 14-3-3ζΔC is 
indicated at the top. C) A range of the most significant CSPs and intensity 
changes mapped onto the 14-3-3ζ structure.
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 4.3.3 The structural model of a procapase-2 in a complex with 
14-3-3 
A combined approach based on small angle X-ray scattering, NMR and chemical 
crosslinking coupled to mass spectrometry was used to obtain a structural model of 
a procapase-2 in the complex with 14-3-3.  
The small angle X-ray scattering (SAXS) data analysis revealed that the procaspase-
2 is more flexible than the complex between procapsase-2 and 14-3-3. The experimental 
SAXS curves with calculated parameters were then used for the structural modeling. To 
obtain the relative position of procaspase-2 and 14-3-3 within the complex, the chemical 
cross-linking coupled to MS experiment was performed. Two cross-linking agents that 
react with amine-groups were used: disuccinimidyl glutarate (DSG) and disuccinimidyl 
suberate (DSS). The data analysis showed three unique regions of procaspase-2 connected 
to three different regions of 14-3-3.  
The SAXS parameters, obtained cross-links and NMR-derived binding surface 
provided initial platform and distance restraints for structural modeling. The initial 
structural model of the complex was created using the crystal structures of 14-3-3ζ (PDB: 








Figure 4.12. Structural model of the proC2:14-3-3ζ complex. The N-terminal 
procaspase-2 linker containing both 14-3-3 binding motifs is shown in brown with 
the phosphorylation sites in red; the p12 and p19 domains are shown in yellow 
and pink, respectively. 
 4.3.4 Conclusion 
The structural analysis of the doubly phosphorylated caspase-2 in a complex with 
14-3-3 showed that the p19 and the p12 domains of caspase-2 are positioned within the 
central channel of the 14-3-3 dimer. In this conformation, the surface of the p12 domain, 
which is involved in caspase-2 activation by dimerization, is sterically blocked by the  
14-3-3 dimer, together with masking the nuclear localization sequence of caspase-2, 
which is located between the two phosphorylated 14-3-3 binding motifs. Therefore, the  
14-3-3 binding may inhibit caspase-2 activation by interfering with the caspase-2 
oligomerization and/or its nuclear localization.  
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 4.4 Publication IV: Inhibition of the FOXO3-DNA 
interaction by small molecule inhibitors 
Hagenbuchner, J., Obsilova, V., Kaserer, T., Rass, B, Psenakova, K., Docekal, V., 
Alblova, M., Kohoutova, K., Spoden, G., Schuster, D., Aneichyk, T., Kofler, R., Vesely, J., 
Obexer, P., Obsil, T. &  Ausserlechner, M.J. Modulation of FOXO3 transcriptional activity 
by small molecule inhibitors. Submitted 




N-labeled FOXO3; sample 
preparation and further optimization for the NMR experiments; NMR experimental design 
and measurements; NMR assignment and data evaluation.  
 4.4.1 Introduction 
FOXO3 is a member of the O subclass of the Forkhead box (FOX) family of 
transcription factors. Members of the FOXO subclass are critical regulators of stress 
resistance, longevity, or apoptosis in mammalian cells. Although other members of the 
FOXO subclass participate in tumor suppressing actions in cells, it has been shown that 
FOXO3 is also responsible for the tumor stem cell regeneration, drug- and  
chemo-resistance and metastases development during cancer advancement.
65,90
 However, 
no inhibitors of FOXO3 transcription factor have been proposed to date.  
The main aim of this study was to design and characterize drug-like compounds that 
would directly bind to the DNA-binding domain (DBD) of FOXO3 and inhibit its 
transcriptional activity. 
 4.4.2 Small molecule inhibitor S9 binds to the FOXO3-DBD 
By a pharmacophore model-based, virtual in silico screening approach, the small 
molecule compound S9 was identified as a potential inhibitor of the FOXO3:DNA binding.  
Structural characterization of the interaction between FOXO3-DBD and S9 was 
performed using nuclear magnetic resonance (NMR) spectroscopy. The saturation transfer 




N HSQC titrations were used to determine 
the actual binding mode of the small molecule and to estimate the dissociation constant of 
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this interaction. STD signals were detected for several protons of S9 and confirmed its 
interaction with FOXO3-DBD in vitro (Fig. 4.13). The data analysis suggested that both 
aromatic moieties as well as the aliphatic part of S9 are involved in direct interactions with 
FOXO3-DBD. 
 
Figure 4.13. 1D 
1
H STD-NMR experiments for the S9 compound in the 
presence of the 15 µM protein. A) Reference spectrum for the S9 compound in 
10% DMSO (black) and B) corresponding STD-NMR spectrum (red). Chemically 
equivalent hydrogens in S9 molecule are numbered from 1 to 7. 
 
Because the previously published NMR sequential assignment of human FOXO3-
DBD
66
 was obtained for shorter construct than the construct used in this study, standard 
triple resonance experiments were used to obtain a sequence specific backbone assignment 
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of FOXO3-DBD (residues 156269). The data analysis provided a resonance assignment 






N HSQC spectrum of 
15
N-labeled FOXO3-DBD (residues 
156-269). The analysis of the set of triple resonance experiments provided 
a resonance assignment for the 87% of the FOXO3-DBD residues. 
 
To identify the S9-binding site in FOXO3-DBD, the oxalate salt of S9 (S9ox) was 
used for its higher solubility in water, avoiding the use of DMSO and the associated 
chemical interference. The 
15
N-labeled FOXO3-DBD was titrated with four different 




N chemical shift perturbations (CSPs) of the backbone 




N HSQC spectra (Fig. 4.15, 4.16 
A). In total, thirteen FOXO3-DBD residues showed the chemical shift change greater than 

0
corr above the mean, thus suggesting their contribution to the interaction or their 
conformational change induced by S9 binding (Fig. 4.16 B). The binding surface for S9 





, revealing the region formed by the DNA recognition -helix 
H3 and the N-terminal part of -strand S2 (Fig. 4.17 A). The dissociation constant was 
determined by plotting the normalized chemical shifts against the S9ox concentration, 
suggesting the binding affinity (KD value) of 0.5 ± 0.2 mM (Fig. 4.17 B). 
 
 





HSQC spectra of 
15
N-labeled FOXO3-DBD from the titration of the 1.5 mM 
(yellow), 3 mM (green), 4.5 mM (blue) and 7 mM (violet) S9-oxalate into the 
FOXO3-DBD alone (red). The interaction induced both the change in signal 









Figure 4.16. S9ox binding-induced changes in the NMR spectra of FOXO3. 
S9ox binding to FOXO3-DBD was evaluated by NMR titration of 
15
N-labeled 







N-labeled FOXO3-DBD in the absence of S9ox (red) and in the 
presence of various concentrations of S9ox. B) The summary of quantified 
chemical shift perturbations (CSPs) obtained for FOXO3-DBD in the presence of 
1.5 mM S9ox. The changes in chemical shift resonances were calculated  using 










in the free and bound states.
87
 The regions of the protein backbone that could not 
be unambiguously assigned are highlighted in gray. The secondary structure of 
FOXO3-DBD is indicated on top. The dotted and dashed lines indicate changes 






Figure 4.17. A) Observed CSPs mapped onto the surface representation of 
FOXO3-DBD.
66
 Thirteen residues with significantly perturbed (1
0





N resonances are shown in red. PDB: 2K86 B) Representative 
binding isotherm of the interaction between FOXO3-DBD and S9ox. The 
dissociation constant was determined by plotting the normalized chemical shifts 
against the S9ox concentration, revealing the binding affinity (KD value) of  
0.5 ± 0.2 mM.  
 4.4.3 Conclusion 
By the in silico screening approach, the small molecule inhibitor S9 was identified 
as a potential compound binding to FOXO3-DBD. The structural studies confirmed the 
binding of S9 and its oxalate salt S9ox to FOXO3-DBD and the saturation transfer 




N HSQC titrations analysis showed 
that the most affected residues on FOXO3 molecule are the ones responsible for the DNA 
recognition. The dissociation constant of the interaction between S9ox and FOXO3-DBD 
was calculated from the normalized chemical shifts. These results showed that it is possible 
to inhibit the FOXO binding to the target DNA, thus providing basis for the modulation of 




 4.5 Publication V: The role of cysteines in the regulation of 
Apoptosis signal-regulating kinase 1 by thioredoxin 
Kylarova, S., Kosek, D., Petrvalska, O., Psenakova, K., Man, P., Vecer, J., Herman, P., 
Obsilova, V. & Obsil, T. Cysteine residues mediate high-affinity binding of thioredoxin to 
ASK1. FEBS J. 283, 3821–3838 (2016). 
My contribution: expression and purification of TRX, ASK1-TBD and cysteine and 
tryptophan mutants of ASK1-TBD, sample preparation and further optimization for 
tryptophan fluorescence; native gel electrophoresis experiments.  
 4.5.1 Motivation of the study 
Apoptosis signal-regulating kinase 1 (ASK1) is a human protein kinase that 
phosphorylates and activates signaling pathways leading to apoptosis. Under reducing 
conditions, ASK1 forms a complex with thioredoxin (TRX) that dissociates upon oxidation 
leading to the kinase activation. However, the molecular details of interaction between 
ASK1 and TRX are not yet fully understood due to the lack of the structural data. It has 
previously been suggested that cysteine residues may play an important role in this protein-
protein interaction.
17,75
 Therefore, the main aim of this work was to determine the role of 
conserved cysteine residues in the interaction between the TRX binding domain of ASK1 
(ASK1-TBD) and TRX.  
 4.5.2 The role of cysteine residues of ASK1-TBD in the 
ASK1:TRX complex dissociation 















. Because the 3D structure 
of this domain is still unknown, we first investigated the solvent accessibility of these 
cysteine residues. To this end, the protein sample was modified by 2-iodoacetamide (IAA) 
under native conditions, digested on immobilized pepsin column and directly analyzed by 
liquid chromatography combined with mass spectrometry (LC-MS/MS). The data analysis 
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were alkylated almost completely, Cys
185





 were alkylated from the 20 % and 80%, respectively 
(Fig. 4.18).  
 
Figure 4.18. Accessibility and reactivity of cysteines in the ASK1-TBD 
modified with iodoacetamide. Extracted ion chromatograms for selected 















. Traces are 
colored according to the extent of modification: unmodified (black), singly (red), 
and doubly (blue) alkylated. Mass-to-charge (m/z) ratios used to plot the 




To study the importance of the individual cysteine residues of the ASK1-TBD for 
the TRX binding, the serine-scanning mutagenesis of Cys residues together with the 
analytical ultracentrifugation (AUC) was used. The AUC data analysis revealed no 
significant differences in binding affinities of prepared mutants compared to the wild-type 
ASK1-TBD except the mutant missing the Cys
250
 residue. This was consistent with the 




To explore the presence of cysteines at the TRX-binding surface of ASK1-TBD, the 
catalytically inactive and very reactive mutant of TRX Cys
35
Ser were prepared and 
incubated with the ASK1-TBD in a buffer lacking reducing agents. The cross-linked 
ASK1-TBD:TRX complex was formed and the analysis revealed that the ASK1-TBD and 
TRX are connected through a disulfide bond between Cys
32
 of TRX and Cys
200
 of the 
ASK1-TBD. This strongly suggests that the catalytic site of TRX interacts with the ASK1-
TBD region containing residue Cys
200
. 
 4.5.3 The role of TRX cysteine residues in the ASK1:TRX 
complex dissociation 
To investigate the role of TRX cysteine residues in the ASK1:TRX complex, the 











) were prepared. The AUC data analysis revealed that only 
TRX Cys
32
 to Ser mutant failed to bind ASK1-TBD with high affinity, thus strongly 
suggesting that from the two catalytic cysteines, the Cys
32
 residue is the one required for 
the high-affinity binding to the  ASK1-TBD. These experiments also revealed that the 




 is not a part of the ASK1-TBD-binding surface 
of TRX. 
 4.5.4 Conclusion 
This work revealed that within the ASK1-TBD sequence, the only inaccessible 
cysteine is Cys
120






 were found almost 
completely solvent accessible. Cys
185







 are accessible from the 20 % and 80%, respectively. The ASK1-TBD 
serine mutants of cysteine residues (without buried Cys
120
) showed no significant 
differences in binding affinities, except of mutant missing Cys
250
 that has been previously 
shown to be essential for the TRX binding. The cross-linked ASK1-TBD:TRX complex 
formed under oxidative conditions with the reactive catalytically inactive TRX mutant 
revealed that the catalytic site of TRX interacts with the ASK1-TBD region containing 
residue Cys
200
. In the case of TRX, the AUC data analysis showed that from the two 
catalytic cysteines, the Cys
32
 is the one responsible for the binding to ASK1-TBD and the 




 does not participate in this protein-protein interaction. 
 4.6 Publication VI (manuscript in preparation): Molecular 
mechanism of the Apoptosis signal-regulating kinase 1 
activation 
Psenakova, K., Hexnerova, R., Srb, P., Veverka, V., Obsilova, V. & Obsil, T. Structural 
characterization of the Thioredoxin-binding domain of ASK1 reveals molecular mechanism 
of the ASK1 activation. (2019) In preparation. 
 
My contribution: design of all experiments; expression and purification optimization of 














to Ser mutant; extensive 
screening for the stabilizing conditions for NMR samples; optimization of the setup for 
NMR experiments; NMR data acquisition and processing; sequence-specific NMR 
resonance assignment for the ASK1-TBD and TRX; docking calculations and refinement of 
the structural model based on the experimental data. 
 4.6.1 Motivation of the study 
Apoptosis signal-regulating kinase 1 (ASK1) is a human protein kinase at the top of 
the mitogen-activated protein kinase (MAPK) cascade, the signal transduction pathway that 
is important for a cell defense system against various stress signals. The ASK1 kinase 
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activity is inhibited by interaction with two physiological binding partners – mammalian 
thioredoxin (TRX) and the 14-3-3 protein. In an inactive state, ASK1 forms a dimer with 
TRX bound at its N-terminal domain and 14-3-3 at the C-terminus of the catalytic domain. 
Upon oxidative stress conditions, the TRX dissociation is followed by the 14-3-3 
dissociation leading to the kinase activation. The detailed molecular mechanism of the 
ASK1 activation is however still unknown, due to the lack of structural data. The main aim 
of this work was to determine the structure of the thioredoxin-binding domain of ASK1 
(ASK1-TBD) and exploit the structural data for better understanding of the ASK1 
activation mechanism.  
 4.6.2 The ASK1-TBD structure description 
Despite an intensive effort, all attempts to crystallize this domain to determine its 
structure using X-ray crystallography were unsuccessful. Therefore, we decided to prepare 






N ASK1-TBD (residues 88-267) in a sufficient 
concentration and purity for NMR characterization. The instability of the protein required 
prior screening for optimal conditions using various additives. The final sample was 
prepared in a buffer containing 20 mM HEPES (pH=7.0), 200 mM NaCl, 5 mM EDTA, 
5 mM TCEP, 20 mM glycine and 2% glycerol. The sequence-specific NMR resonance 
assignments were obtained using the TROSY based versions of the standard triple 
resonance NMR experiments: HNCA, HNCACB, CBCA(CO)NH, HNCO, HN(CA)CO at 
the 600 MHz and 850 MHz spectrometers.
92,93
 The spectra contained resonances for 
a smaller number of residues than expected for the used construct, suggesting that some 
protein regions are subjected to a conformational heterogeneity on the NMR timescale. In 
addition, the signals in several spectral regions were severely overlapped. As 









 were obtained for 116 out of the total 185 residues (63% of the molecule). The 
additional 11 residues were only partially assigned. The assigned resonances were used as 
an input for the program TALOS that provides highly reliable prediction of protein 
backbone torsion angles from NMR chemical shifts.
94
 The prediction suggested a globular 
conformation composed of 6 α-helices and 5 β-strands (Fig. 4.19). The organization of the 







contacts that were unambiguously assigned in the 
15
N-edited NOESY spectrum. The close 
inspection of the NOE contact pattern revealed that all β-strands are folded into a single  
β-sheet with parallel orientation. Both the N- and C-terminal regions of ASK1-TBD were 
well defined, however the resonances within several longer regions throughout the 





Figure 4.19. ASK1-TBD secondary structure distribution determined from 
NMR chemical shifts by TALOS.
94
 The secondary structure prediction is 
represented by yellow (β-sheet) and red (α-helices) bars, while the height of the 
bars reflects the confidence of the prediction. The regions of the protein backbone 
that could not be unambiguously assigned are highlighted in gray. 
 
Next, we used chemical cross-linking coupled to mass spectrometry (XL-MS) with 
disuccinimidyl dibutyric urea (DSBU) and adipic acid dihydrazide (ADH) as bifunctional 
agents to determine the ASK1-TBD intramolecular distance restraints for structural 
modeling purposes. Identified cross-links provided one distance restraint for DSBU and 
five for ADH (the length of the spacer arm is 12 Å, thus adding 6.5 Å for each cross-linked 

























1 135-145 173-196 D136-E173 4152.984 4152.985 -0.2 
2 233-256 173-196 E236-E173 5633.854 5633.86 -1.1 
3 263-268 233-256 C-term
b
-E236 3358.848 3358.847 0.41 
4 197-202 173-196 E197-E173 3677.76 3677.761 -0.1 
5 135-145 91-117 D136-E109 4279.22 4279.22 -0.02 
DSBU
a
 6 82-89 257-268 N-term
b
-K262 2078.105 2078.106 -0.6 
a
ADH: adipic acid dihydrazide; DSBU: disuccinimidyl dibutyric urea 
b
C-term: the C-terminal carboxylic group and N-term: the N-terminal amine group 
 




 experimental  
NOE-derived distance constraints, 98 ϕ and 98 ψ dihedral angle constraints and six distance 
restraints based on cross-links that will be used as an experimental cross-validation for the 
ab initio calculation of the ASK1-TBD structural model using the ROSETTA algorithm.
96
  
 4.6.3 ASK1-TBD structural changes upon TRX binding, 
oxidation and Cys
250
 to Ser mutation 
In order to determine the TRX binding surface of ASK1-TBD, we performed 
a titration of the 
15
N-labeled ASK1-TBD by unlabeled TRX and followed the changes of 




N HSQC spectra (Fig. 4.20 A, B). The analysis 
of NMR titrations suggested that the TRX binding interface on the ASK1-TBD includes 
mainly the N-terminal segment, the region containing helix α4 and the C-terminal part of 
the molecule including the very C-terminal α-helix (α6).   
It has previously been speculated that the oxidation of ASK1-TBD may participate 
in the dissociation of the complex between ASK1 and TRX (Publication V: The role of 
cysteines in the regulation of Apoptosis signal-regulating kinase 1 by thioredoxin, 
Supplement S5). To investigate the structural changes upon ASK1-TBD oxidation, we 




N HSQC spectra under mild oxidative 
conditions. The oxidation effect on the ASK1-TBD structure was evaluated by the analysis 
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of spectra acquired at several time points after addition of hydrogen peroxide (Fig. 4.20 C, 
D). The data analysis revealed that the oxidation of ASK1-TBD affects the N-terminal 
segment, the region containing helix α4 and α5 and the C-terminal part of the molecule 
including the C-terminal α-helix (α6). These regions also include residues involved in the 
TRX binding, thus indicating that oxidation of ASK1-TBD is directly involved in the 
destabilization of the ASK1:TRX complex.  
Previous studies have suggested that Cys
250
 located within the C-terminal part of 
ASK1-TBD plays an important role in the TRX binding as its mutation severely affected 
this protein-protein interaction.
91
 However, the details of Cys
250
 involvement in the TRX 
binding are unclear, as there is also a possibility that the mutation of Cys
250
 affects the 
tertiary structure of ASK1-TBD and thus its ability to interact with TRX. To investigate the 
potential structural changes induced by Cys
250





N HSQC spectra induced by this mutation (Fig. 4.20 E, F). The changes were 
mainly observed in regions containing helix α4 and the C-terminal part of the molecule. 
When compared to the TRX binding-induced CSPs, the structural changes caused by the 
Cys
250
 mutation include regions involved in the TRX binding. This indicates that the effect 
caused by C250S mutation is based on the conformational change of ASK1-TBD rather 





Figure 4.20. Structural changes of ASK1-TBD induced by TRX binding, 







N HSQC spectra of the 
15
N-labeled ASK1-TBD (red) obtained from the 
titration of 0.5 molar excess (yellow), 1 molar excess (green), and 2 molar excess 
(blue) of TRX. B) The summary of quantified relative chemical shift perturbations 
(CSPs) obtained for ASK1-TBD in the presence of TRX in 1:2 molar ratio. The 
changes in chemical shift resonances were calculated using weighted combination 




Δ𝛿𝑁)2, where δH and δN are 




N, respectively, in the free and bound 
states.
87
 The relative CSPs were obtained by dividing absolute CSP values by a 
standard deviation of the whole set of CSPs, the dashed line indicates changes 
greater than the mean + 1 SD (CSP > 2.1). The interaction induced both the 
change in positions (red bars) or significant reduction of intensities of signals 




N HSQC spectrum of ASK1. The regions of the protein 
backbone that could not be unambiguously assigned are highlighted in gray. C) 




N HSQC spectra obtained from 
the reduced form of ASK1-TBD (red), ASK1-TBD after O/N dialysis into the 
buffer without reducing agents (low-ox form, green), ASK1 after the treatment 
with a 5-fold excess of hydrogen peroxide after 20 minutes (high-ox t1, yellow) 





spectrum of ASK1 upon oxidation. The relative CSPs were calculated as in B). 
The oxidation induced both the change in positions (red bars) or significant 




N HSQC spectrum of 
ASK1. The dashed line indicates changes greater than the mean + 1 SD  





N HSQC spectra obtained from the ASK1 molecule (red) and ASK1 




N HSQC spectrum of 
ASK1 after introducing a C250S mutation. The relative CSPs were calculated as 
in B). The mutation induced both the change in positions (red bars) or significant 




N HSQC spectrum of 
ASK1. The dashed line indicates changes greater than the mean + 1 SD  
(CSP > 2.4). The unassigned amino-acids are highlighted in gray.  
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 4.6.4 TRX directly interacts with ASK1 with its redox-active 
site 
To map the binding interface on TRX by NMR titration of 
15
N-labeled TRX by the 




N TRX with 
mutated Cys
73
 to Ser to prevent its dimerization. First, we obtained the sequential resonance 
assignments for TRX under buffer conditions required for the ASK1-TBD stability using 
the HNCACB, CBCA(CO)NH, HNCO and HN(CA)CO experiments.
92,93
 The backbone 
resonance assignment was obtained for 101 out of the 105 residues. The TRX residues 
significantly perturbed by ASK1-TBD binding (the relative chemical shift perturbation 
values CSPs > 2.0, mean + 1 SD) form a distinct patch on the TRX surface highlighting 
the actual site of the ASK1 interaction (Fig. 4.21 C, D). The binding interface is relatively 





 and involve also loops in the vicinity of the α3 helix and the C-terminal α4 
helix (residues 71-76 and 89-92, respectively). The observed values of CSPs correlate with 
the solvent accessibility of these residues and show that buried residues are not involved in 




Figure 4.21. The ASK1 binding surface on the TRX molecule. A) Comparison 




N HSQC spectra obtained from the titration 
of 0.5 molar excess (yellow), 1 molar excess (green), and 1.5 molar excess (blue) 





spectrum of TRX upon ASK1 binding to the final 1:1.5 molar ratio, calculated as 
in Fig. 4.21 B). The interaction induced both the change in positions (red bars) or 





spectrum of TRX. The dashed line indicates changes greater than the mean + 1 
SD. The unassigned amino-acids are highlighted in gray. C) A range of the most 
significant CSPs (CSP > 2.0, mean + 1 SD) mapped onto TRX structure.
31
 
Unassigned prolines are highlighted in gray; backbone amide signals most 





 is shown as sticks. PDB: 1ERT D) Surface representation of C). 
77 
 
 4.6.5 Conclusion 
The main objective of this work was the structural characterization of the  
ASK1-TBD as well as of its complex with TRX. The extensive conformational 
heterogeneity of the studied ASK1-TBD that was manifested by the lack of signals in the 
NMR spectra for more than 40% of the residues, and unfavorable stability prevented the 
attempts for the full structural determination using a standard NMR approach. Overall, the 
data analysis provided several experimental constraints together with the secondary 
structure assignment; however the structural model that would fully satisfied the 
experimental constrains was not yet obtained, mainly due to the extensive sparsity of the 
accessible NMR data.  
The NMR titration analysis showed that TRX interacts with ASK1 with its redox 
active site and the TRX binding interface on the ASK1-TBD is formed by helix α4 and the 
C-terminal part of the molecule including the C-terminal α-helix (α6). In addition, the 
distribution of changes in the NMR spectra associated with the oxidative stress suggested 
that the ASK1 oxidation is an important signal for the complex dissociation. Introducing 
the C250S mutation caused conformational changes observed in regions involved in the 
TRX binding, suggested that the Cys
250
 mutation causes structural changes that prevent the 




 5 CONCLUSIONS 
The main aim of this doctoral thesis was to study the molecular mechanism of the 
inhibition of four signaling proteins: Calcium/Calmodulin (Ca
2+
/CaM)-dependent kinase 
kinase 2, Caspase-2, Forkhead transcription factor FOXO3 and Apoptosis signal-regulating 
kinase 1. By applying various biophysical techniques including the nuclear magnetic 
resonance spectroscopy, small angle X-ray scattering, time-resolved fluorescence 
spectroscopy, analytical ultracentrifugation and mass spectrometry, I investigated: 
 
 The role of 14-3-3 and CaM in the regulation of CaMKK2 activity. The experimental 1.
data revealed that the 14-3-3 binding does not inhibit the CaMKK2 kinase activity, but 
rather downregulates its dephosphorylation. The interactions between the CaMKK2 
kinase domain and the autoinhibitory domain differ from those of other CaMKs and the 
autoinhibitory domain inhibits CaMKK2 by blocking the unique Arg-Pro-rich insert 
and by affecting the structure of the ATP-binding pocket. 
 
 The role of 14-3-3 in the regulation of Caspase-2 protease activity. The study revealed 2.
that the 14-3-3-dependent inhibition relies on interfering with the caspase-2 
oligomerization and/or its nuclear localization.  
 
 The small-molecule compound binding to the DNA-binding domain of FOXO3. The 3.
study revealed the ability to inhibit FOXO transcription factors by small molecule 
compounds and provided structural basis for the modulation of their transcriptional 
activity. 
 
 The molecular mechanism of the Apoptosis signal-regulating protein kinase 1 4.
activation. The structural studies of the TRX binding domain of ASK1 revealed that 
TRX directly interacts with ASK1 with its redox active site, the binding interface is 
relatively large and in ASK1 it includes the C-terminal alpha-helix. Introducing the 
Cys
250
 mutation causes structural changes that prevent the TRX binding, rather than 
being directly involved in the complex formation. Oxidative stress induces structural 
changes in the ASK1 molecule in regions involved in TRX binding, suggesting that the 
ASK1 oxidation is also involved in the complex dissociation. 
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Figure S1. Related to Figure 2. 
 
Peptide mapping of CaMKK2 after digestion with immobilized pepsin. All peptides 
identified by ESI-FT ICR-MS/MS analysis are shown as blue bars. The residues are 






Figure S2. Related to Figure 2. 
 
HDX kinetics for selected CaMKK2 peptides. The graphs represent the HDX kinetics of 
selected CaMKK2 regions that show changed deuterium exchange kinetics upon Ca
2+
/CaM 
binding. Deuterium exchange is expressed as percentages relative to the maximum 
theoretical deuteration level (left vertical axis), as well as a number of exchangeable 
protons (right vertical axis) of selected CaMKK2 peptides alone (black squares) and in the 
presence of Ca
2+
/CaM (red circles). The regions of the kinase domain (peptides P1P6) are 
mapped on the surface representation of the CaMKK2 KD crystal structure (PDB ID: 
5UY6). To estimate the measurement error, the HDX was repeated 3 for the time points 
































Figure S3. Related to Figure 4. 
 
Time-resolved tryptophan fluorescence measurements. Fluorescence intensity decays of 
CaMKK2 W267 (A), CaMKK2 W337 (B) and CaMKK2 W366 (C) mutants in the absence 







Figure S4. Related to Figure 3. 
 
Detailed view of residues Glu268, Ile328 and Ala329 and of C-4 loop residues, 
which are located in their close vicinity. The crystal structure of CaMKK2 KD (PDB ID: 
5UY6) showed that residues Glu268, Ile328 and Ala329, which are located close to the 
ATP-binding pocket, interact with C-4 loop residues 247-252. CaMKK2 KD is colored 
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Abstract 
FOXO transcription factors are critical regulators of cell homeostasis and steer cell 
death, differentiation and longevity in mammalian cells. Via combined pharmacophore-
modelling-based in silico and fluorescence polarization-based screening we identified small 
molecules that physically interact with the DBD of FOXO3 and modulate the FOXO3 
transcriptional program in human cells. The exact mode of interaction between compounds 
and the FOXO3-DBD was determined via NMR spectroscopy and docking studies. We 
demonstrate that compounds S9 and its oxalate salt S9OX interfere with FOXO3 target 
promoter binding, target gene transcription and modulate the physiologic program activated 
by FOXO3 in cancer cells. These small molecules prove the druggability of FOXO 
transcription factors and provide a basis for modulating these important homeostasis 
regulators in normal and malignant cells.  
Keywords: 
Small compounds, transcription factor 
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The mammalian forkhead box O (FOXO) transcription factor family (FOXO1/FKHR, 
FOXO3/FKHRL1, FOXO4/AFX, and FOXO6) is involved in multiple cellular processes 
ranging from apoptosis induction to longevity
1
.  In mammals, FOXO3 and its family 
members recognize and bind the same core DNA elements (TTGTTTAC) to control the 
transcription of direct target genes. However, despite sharing the same consensus 
sequences, FOXO members serve distinct functions and may act as tissue-specific 
homeostasis regulators.  
FOXO3 was initially considered as a tumor suppressor that induces apoptosis and cell-
cycle arrest.
2





maintains cancer stem cells 
7
 as well as inhibition of other death-inducers such as TP53
8
 
suggest also a tumor-promoting role in certain types of cancer. 
Multiple cellular signaling pathways converge on FOXO3, most importantly the pro-
proliferative PI3K-PKB pathway that inactivates target gene transcription. On the other 
hand, stress conditions, such as genotoxic stress, reactive oxygen species (ROS) or hypoxic 
stress, override growth-factor-mediated phosphorylation of FOXO3, which results in the 
relocation of FOXO3 to the nucleus.
9, 10
 Thereby, stress induced signaling kinases, such as 
JNK or MST1 that cause FOXO3 activation and nuclear accumulation also in presence of 
PKB signaling critically contribute to FOXO3-triggered therapy-resistance programs that 
protect cancer cells during therapy
7, 8, 11
. In addition, FOXO3 regulates the differentiation of 
naïve regulatory T-cell differentiation via its transcriptional target FOXP3
12, 13
, which limits 
cytotoxic anti-cancer T-cell response by immune-suppressive regulatory T-cells that 
infiltrate tumor tissue. A reversible inhibition of FOXO3 activity by small compounds 
thereby might boost anti-tumor immune responses and limit side effects of FOXO3 
functional inactivation.  
In contrast to the small, defined substrate binding pockets on catalytic enzymes the DBD 
of transcription factors are usually regarded as “undruggable” due to the large surfaces and 
the fact that the only known ligand is a DNA molecule. Small molecules have been 
described for the transcription factor FOXM1
14, 15
 and one compound was shown to 
regulate FOXO1 activity 
16
, but no compounds have been discovered that directly 
physically interact with DBD of FOXO proteins to regulate their transcriptional activity. By 
a pharmacophore model-based, virtual in silico screening approach we identified compound 
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S9 and demonstrate that this substance inhibits FOXO3-binding to target promoters, affects 
the cell-wide transcriptional program of FOXO3, as well as FOXO3 effects on cellular 
ROS  production and cell growth in 2D and 3D cell culture systems. By NMR we 
demonstrate that S9 directly interacts with FOXO3 DBD, define the mode of binding and 
how this substance structurally interferes with FOXO3 transcriptional activity.    
 
Results 
Identification of compound S9 as a putative FOXO-DBD ligand 
In the absence of known small molecule ligands, a structure-based modeling 
workflow (Supplemental Figure 1a) was developed, employing the crystal structure of 
FOXO3 DNA binding domain (DBD) in complex with a 13 bp FOXO3 consensus 
sequence DNA strand (PDB entry 2UZK
17
). The site to be targeted within the large 
interaction surface was defined using experimentally observed FOXO3-DNA interactions 
(Supplemental Fig. 1b), consensus sites predicted by four pocket prediction algorithms 
(Pocket-Finder Pocket Detection, Molecular Operating Environment (MOE v. 11.2011))
18-
22
, and literature data on crucial residues and less flexible sites as suggested by mutational 
studies and posttranslational modifications
17
 and a molecular dynamics simulation on the 
related FOXO4
23
, respectively. Due to the limited amount of available data, we aimed to 
elucidate interaction patterns of potential ligands by combining data from the interactions 
observed in the protein-DNA complex (Supplemental Fig. 1b), interaction hotspots on the 
protein surface calculated with MOE (Fig. 1a), and binding modes predicted by docking of 
Drugbank
24
 version 2.5 into the binding site (Fig. 1b). The identified binding patterns were 
represented by six pharmacophore models, which were subsequently used for virtual 
screening of the Specs (www.specs.net) and Maybridge (www.maybridge.com) databases. 
76 virtual hits for which the desired binding mode was confirmed by further docking 
studies were selected for experimental testing. Among others, compound S9 (1-(4,6-
dimethylpyrimidin-2-yl)-3-(4-propoxyphenyl)guanidine) was identified by pharmacophore 
model 1 (Fig. 1c). 
Primary biochemical validation of hit-compounds was performed via fluorescence 
polarization analyses using recombinant FOXO3-DBD (residues 156-269) and FAM-
labeled oligonucleotides containing the IRE consensus sequence (CTA TCA AAA CAA 
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CGC). As shown in Fig. 1d, compounds S9 and S9OX (the oxalate salt S9OX was prepared 
to increase the S9 solubility in water) reduced the interaction of FOXO3-DBD to the FAM- 
IRE oligonucleotide at a concentration of 0.5 µM. To validate these biochemical screening 
results in living cells we used SH-EP/FOXO3 neuroblastoma cells stably expressing a 4-
hydroxy-tamoxifen (4OHT)-regulated FOXO3(A3)ERtm transgene that undergo apoptotic 
cell death upon activation of FOXO3
11, 25
. As shown in Fig. 1e, addition of compound S9 
and to a lesser extend also S9OX significantly reduced FOXO3-induced cell death, 
demonstrating that S9 transduces the cytoplasma membrane and modulates FOXO3 
function in living cells. Based on these primary screening results we defined S9 as a 
promising FOXO3-modulatory compound worth for further biochemical, cell biological 
and structural characterization.   
Mapping of the S9-binding site in FOXO3-DBD 
Structural characterization of the interaction between FOXO3-DBD and S9 was 
performed using nuclear magnetic resonance (NMR) spectroscopy. First, 
1
H saturation 
transfer difference (STD) NMR measurements were used to further assess S9 binding to 
FOXO3-DBD. STD signals were detected for several protons of both S9 and its oxalate 
salt, thus confirming their interaction with FOXO3-DBD (Figs. 2a and S1a). In the case of 
S9OX, pronounced STD signals were observed for H1, H3, H5, and H7 protons, whereas 
less pronounced signals were observed for H4 and H6 protons. In the case of S9, whose 
STD spectra were acquired in the presence of 10% DMSO due to its low solubility in 
water, strong STD signal was observed for H3 protons and less pronounced signals were 
recorded for H1, H5, H6 and H7 protons. These data suggested that both aromatic moieties 
as well as the aliphatic part of S9 are involved in direct interactions with FOXO3-DBD. 
Because the previously published NMR sequential assignment of human FOXO3-DBD
26
 
was obtained for shorter construct (residues 151251) compared to the construct used in 
this study (residues 156269), standard triple resonance experiments were used to obtain a 





heteronuclear single quantum coherence (HSQC) spectrum of 
15
N-labeled FOXO3-DBD 
with obtained resonance assignment is shown in Fig. S1b. The data analysis provided a 
resonance assignment for 99 out of 114 residues (87% of the FOXO3-DBD sequence). To 
identify the S9-binding site in FOXO3-DBD, the 
15
N-labeled FOXO3-DBD was titrated 
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N chemical shift perturbations (CSPs) of the backbone amide 




N HSQC spectra (Fig. S1c). The oxalate 
salt of S9 was used for its higher solubility in water, thus avoiding the use of DMSO and 
the associated chemical interferences. The presence S9OX induced significant dose-
dependent CSPs of backbone amide groups of fifteen FOXO3-DBD residues (the chemical 
shift change was greater than 
0
corr above the mean), thus suggesting their involvement in 
the interaction or their conformational change induced by S9 binding (Fig. 2b). When these 
residues were mapped onto the solution structure of FOXO3-DBD
26
, they revealed the 
binding surface for S9 in the region formed by the DNA recognition -helix H3 and the N-
terminal part of -strand S2 (Fig. 2c). The most affected residues (the chemical shift change 
was greater than 2
0
corr above the mean) were Arg211, His212, Asn213, Ser215 and 
Leu216 from the helix H3; Phe220 and Asn237 from the wing W2; and Thr167 from the 
helix H1. In addition, the gradual shift of resonances during titration indicated fast 
exchange of the ligand on the NMR time scale, thus suggesting that the S9OX binding is of 
moderate affinity. This was confirmed by plotting the normalized chemical shifts against 
the S9OX concentration, which revealed the binding affinity (KD value) of 0.5 ± 0.2 mM 
(Fig. S1d). 
To obtain greater insight into the interaction of S9 with FOXO3-DBD, docking 
calculations using Autodock Vina
27
 were performed. The S9 binding surface (the residues 




N HSQC experiment as well as 
several additional residues with high CSPs located close to them (Fig. 2d). The calculated 
poses with the lowest binding energy were extracted and further validated against results 





N HSQC experiments and suggests that S9 binds into the groove formed by 
residues Arg211, His212 and Ser215 at the C-terminus of -helix H3 and residues Met221 
and Arg222 from the N-terminus of -strand S2. This region is a crucial part of the 
FOXO3-DBD/DNA interface as the DNA recognition -helix H3 is responsible for most of 
the direct base contacts with DNA and the N-terminal part of -strand S2 is involved in 
contacts with the DNA backbone.
17
 Therefore, these data indicate that S9 binding blocks 




Compounds S9 and S9OX affect FOXO3 transcriptional program 
To analyze the effect of compound S9 on mRNA steady state levels of FOXO3-
regulated genes we assessed genome-wide regulatory events by mRNA expression 
profiling. SH-EP/FOXO3 cells were treated with 50 nM 4OHT for three hours in presence 
or absence of 50 µM compound S9 and transcriptome was measured with Affymetrix U133 
2.0 whole genome chips. 1262 mRNAs were induced and 889 mRNAs showed statistically 
significant repression upon activation of ectopic FOXO3(A3)ERtm. When 4OHT-driven 
activation of ectopic FOXO3 was combined with S9 the expression of 208 mRNAs was 
altered with only 35 mRNAs being regulated in common with FOXO3 activation alone. 
This suggests that S9 inhibited FOXO3-mediated induction of 1227 mRNAs (97.2 %), but 
also increased steady state levels of 173 mRNAs that were not regulated by ectopic 
FOXO3. These changes in mRNA expression might result from differences in target gene 
regulation between ectopic FOXO3(A3)ERtm and endogenous FOXO3, as ectopic 
FOXO3(A3)ERtm carries mutations at the major PKB phosphorylation sites (T32, S253 
and S315) or off-target effects. This effect of S9 is well visualized in the heatmap analysis 
(Fig. 3a) where S9 attenuates the strong induction of a large cluster of genes (top-part of 
heatmaps) or repressed highly expressed FOXO3 targets by its own (bottom part of heat 
map). Interestingly, S9 also per se induced a cluster of strongly repressed FOXO3-targets 
(middle part of heatmaps) and, for a small number of genes, S9 interestingly increased 
FOXO3-mediated induction (arrows). Therefore, although S9 mainly exerts an inhibitory 
effect on FOXO3 transcriptional activity, this compound also induces mRNA expression of 
a small number of FOXO3 target genes.    
To verify genome-wide gene expression results we selected four genes previously 
identified as FOXO3 targets in neuroblastoma cells and evaluated the effect of compound 
S9 and its oxalate salt S9OX on mRNA expression by quantitative RT-PCR analyses. As 
shown in Figure 3c-f, activation of ectopically-expressed FOXO3(A3)ERtm by 4OHT 
significantly induced steady state expression of the pro-apoptotic BH3-only proteins BIM 
and NOXA, as well as of the detoxifying proteins SESN3 and DEPP1 similar to previously 
published data from our group
4, 9, 25, 28
. S9 or S9OX caused no statistically significant 
changes in steady state expression of these genes compared to solvent-treated controls. 
However, when combined with activation of ectopic FOXO3, S9 as well S9OX 
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significantly counteracted mRNA induction of all four bona fide FOXO3 targets suggesting 
that this compound efficiently interferes with specific mRNAs induction by FOXO3.  
FOXO3-modulatory compounds S9 and S9OX inhibit the induction of FOXO3 
target proteins, binding of FOXO3 to target promotors and promotor transactivation.   
Next, we quantified the effects of compound S9 and S9OX via immunoblot analyses 
to assess whether regulations observed on mRNA steady state level were also translated 
into changes in protein expression. As shown in Fig. 4a-d the activation of the 4OHT-
regulated FOXO3(A3)ERtm transgene in SH-EP/FOXO3 neuroblastoma cells elevated the 
protein levels of the proteins BIM, NOXA, SESN3 and DEPP1. Consistent with 
quantitative RT-PCR results in Fig. 3d-g, both, S9 and S9OX prevented FOXO3-mediated 
induction of BIM, NOXA and SESN3 above background level and significantly attenuated 
the strong induction of DEPP1, demonstrating that S9 and S9OX efficiently interfere with 
the regulation of FOXO3 target proteins in living cells. The combined data suggest that S9 
and S9OX both modulate FOXO3-transcriptional program and target protein regulation. 
Biochemical results from fluorescence polarization analyses and NMR-based structural 
analyses suggest that in vitro the compounds S9 / S9OX bind to the DBD of FOXO3 and 
inhibit DBD – DNA interaction. To address, whether S9 directly interferes with FOXO3 
target promoter recognition in living cells we next performed chromatin 
immunoprecipitation (ChIP) analyses and assessed the binding of FOXO3 to the promotors 
of BIM, NOXA, SESN3 and DEPP1. As demonstrated in Fig. 4e, activation of the 
conditional FOXO3 allele for three hours significantly increased FOXO3 promoter binding, 
which is consistent with the previously demonstrated induction of these FOXO3 targets on 
mRNA and protein level. Importantly, for all investigated promoters, the addition of S9 
almost completely reduced the interaction of FOXO3 with endogenous promoters to control 
level. To assess, whether this reduced promoter binding also correlates with reduced 
transactivation we used a luciferase reporter vector containing a 544 bp DEPP1 promoter 
fragment that carries three putative FOXO3 consensus sites
4
. As demonstrated in Fig. 4f, 
compound S9 reduced luciferase activity in a dose-dependent manner with approximately 
50% reduction at 12.5 µM. These results confirm the biochemical binding studies between 
compounds S9 and S9OX and FOXO3-DBD (Figs. 1d and 2) and demonstrate that S9 
inhibits binding of FOXO3 to target promoters and their activation in living cells.    
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Compounds S9 and S9OX prevent ROS-induction and cell death by FOXO3 in 2D 
and 3D cell culture models.  
We previously demonstrated that FOXO3-activation induces a bi-phasic reactive 
oxygen species (ROS) wave that critically contributes to induction of apoptotic cell death in 
human neuroblastoma cells
9
. To assess the effect of S9 and S9OX on ROS accumulation by 
FOXO3 we either activated ectopic FOXO3(A3)ERtm by 4OHT treatment (Fig. 5a) or 
treated the cells with 20 µg/ml etoposide to activate endogenous FOXO3 via DNA-damage 
response (Fig. 5b). Direct activation of ectopic FOXO3 by 4OHT or etoposide treatment 
cause significant accumulation of cellular ROS as demonstrated by live-cell fluorescence 
microscopy using the ROS-sensitive dye reduced mitotracker red. Both, S9 and S9OX 
completely prevent ROS accumulation in 4OHT- and etoposide-treated cells demonstrating 
that S9 and S9OX efficiently prevent cellular ROS accumulation in response to FOXO3 
activation. Since results obtained with 2D cell culture only partially reflect drug effects in 
tissues or solid tumors we assessed the effect of S9 and its oxalate salt S9OX in 3D 
spheroids of neuroblastoma cells formed by magnetic bioprinting and magnetic levitation 
culture. For these experiments the FOXO3-sensitive, high-stage neuroblastoma cell line 
NB15/FOXO3-GFP was used to directly image cell growth / viability by fluorescence 
microscopy. To define at which concentrations S9and S9OX are still biologically active 
and how long physiologic effects may be observed upon single treatment we reduced the 
concentrations of S9 and S9OX to 5µM. Tumor spheres grown for 72 hours floating in a 
magnetic field were treated with 10 nM 4OHT for 72 hours in presence or absence of S9 
and S9OX and then cultured for another week. After this time, sphere-size and number of 
spheres per well were analyzed by fluorescence microscopy (Fig. 5c-e). Metabolic activity 
and cell viability was assessed by measuring ATP-content (Fig. 5f) and reduction of 
resazurin salt (Fig. 5g), respectively. Both, S9 and S9OX prevented FOXO3-induced cell 
death in 3D tumor spheroids at a concentration of 5 µM and after single administration. 
Although sphere diameter was slightly reduced in S9 / S9OX + 4OHT-treated cells 
compared to controls, still normal numbers of well-formed tumor spheres were present. 
Importantly, ATP-content and resazurin salt reduction, which are both parameters for cell 
viability, demonstrated that S9 and S9OX preserved the viability of tumor spheres and 
strongly inhibited the apoptosis-inducing effect of FOXO3 in this 3D tumor model. The 
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combined data demonstrate that S9 and its oxalate salt S9OX physically interact with the 
FOXO3-DBD, inhibit FOXO3 transcriptional program and modulate FOXO3 physiologic 
function in the low micromolar range in living cells.   
 
Discussion 
In this manuscript we describe for the first time small compounds that inhibit 
FOXO3 transcriptional activity by direct binding to the FOXO3-DBD. Based on structural 
data of FOXO1, FOXO3 and FOXO4 we developed six different pharmcophore-models 
that were then used for in silico screening of structural compound databases. Candidate 
compounds were tested biochemically by fluorescence polarization analysis and for 
biological efficacy in a cell system stably expressing a conditional FOXO3(A3)ERtm allele 
that can be activated by the addition of 4OHT. By this we selected for compounds that 
hamper FOXO3-DNA interaction and enter living cells. From successful candidate 
compounds we choose S9 due to its relatively high solubility in water, established the 
whole chemical synthesis pathway (Supplemental Information page 3ff) and synthesized an 
oxalate salt of S9 with increased solubility in water. This was a prerequisite for using 
solution NMR to gain insight into the molecular basis for S9-mediated inhibition of 
FOXO3 transcriptional activity.  
NMR measurements together with molecular docking simulations revealed that S9 binds 
to the pocket formed by the C-terminal part of -helix H3 and the wing W1 (Fig. 2d). This 
region is a crucial part of the DNA binding surface as it includes residues important for 
DNA recognition: Arg211, His212 and Ser215 from -helix H3.
34
 Furthermore, residues 
Arg222 and Trp234 from the -strand S2 at the stem of wing W1 are involved in contact 
with the phosphate group of the DNA backbone. Therefore, the S9 binding could obstruct 
FOXO3-DBD interaction with the target DNA, thus blocking its transcriptional activity.     
Gene expression profiling provided an interesting three hours snap-shot on the mRNA 
changes induced by ectopic FOXO3 activation in presence or absence of compound S9. S9 
strongly prevented the induction of FOXO3-induced genes or by its own repressed clusters 
of highly expressed FOXO3 targets, which is consistent with its interaction to a region in 
FOXO3-DBD including R211, H212 and S215 which all contribute to helix H3-DNA 
interaction
17
. On the other hand, S9 per se strongly induced a cluster of genes that was 
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actively repressed by ectopically switched on FOXO3 suggesting that these genes are 
permanently repressed by endogenous FOXO3 in manner that requires the DNA-binding 
domain either for protein-DNA or protein-protein interaction and that this repression is 
abrogated by S9. A small cluster of genes was identified that was only moderately induced 
by ectopic FOXO3, but strongly up-regulated in presence of S9. One explanation for this 
phenomenon might be that DNA-binding independent transactivation by endogenous 
FOXO3 is further supported by S9 preventing intra-molecular protein-protein interaction of 
the C-terminal FOXO3 transactivation domain with the FOXO3-DBD as it involves the C-
terminus of -helix H3, which is part of the S9 binding pocket.
26
 These aspects concerning 
inhibition of intra- or inter-molecular protein-protein interaction at FOXO3-DBD by S9 are 
investigated in currently ongoing studies.  
Besides genome-wide regulation we tested the effect of S9 and S9OX on physiological 
FOXO3 downstream targets. The BCL2-family members BIM and NOXA are mediators of 
FOXO3-induced intrinsic cell death and BIM critically triggers transitory accumulation of 
ROS at the mitochondria, which is counteracted by the parallel induction of the detoxifying 
protein SESN3
9
. DEPP1 sensitizes neuroblastoma cells for ROS and is strongly induced by 
FOXO3 via three functional FOXO consensus sequences in its promoter.
4, 28
 We 
demonstrated that FOXO3 induction of these four bona fide targets was efficiently reduced 
by both S9 and S9OX on mRNA level as well as on protein expression level. To further 
prove direct inhibition of FOXO3-DBD-DNA interaction in living cells, ChIP analyses on 
the four bona fide targets was performed which demonstrated that increased FOXO3 
binding upon ectopic FOXO3-activation was almost completely abrogated by S9 (Fig. 4e). 
This was consistent with results from primary FP analysis (Fig. 1d) and dose-dependent 
repression of promoter activity by S9 and S9OX as demonstrated luciferase reporter assay 
(Fig. 4f). Consistent with the repression of target gene regulation, also FOXO3-induced 
ROS accumulation
4, 9
 was efficiently prevented by S9 and S9OX providing evidence that 
S9 directly interferes with physiological effects of FOXO3 in living cells. As affinity 
measurements using recombinant protein fragments provide only limited information about 
biologically effective concentrations, we generated magnetic 3D tumor spheres that 
allowed us on one hand to assess possible long term toxicity of S9 / S9OX in 3D culture 
and on the other to test effective doses of these compounds. S9 / S9OX neither reduced 
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sphere-numbers nor diameter when spheres were treated 72 hours with 5 µM of these 
drugs, but efficiently prevented FOXO3-induced cell death. Interestingly, the growth-
inhibitory effects of FOXO3 were only partially inhibited, which corresponds to the 




FOXO transcription factors have been implicated in a plethora of different cellular 
functions, in cancer immunity where loss of FOXO3 exerts anti-cancer effects, but also 
hampers other arms of the immune system
29
, in neuronal development and plasticity
30
, 
cancer angiogenesis and metabolism
31
. This excludes the permanent ablation of FOXO 
activity in mammals as a therapeutic option. More complexity is added by the fact that the 
DBD of FOXO transcription factors participates in intra-, but also intermolecular 
interactions with other cellular key regulators of death and longevity, such as p53
26
 and 
thereby also steers e.g. aging of the whole organism 
32
. Due to its mode of binding, S9 
might well interfere with some of these protein-protein interactions. The effect of small 
drugs like S9 on specific tissues has be investigated in detail to define, whether S9 can 
serve as a chemical starting point for developing FOXO-regulatory compounds that steer 
distinct target gene subsets / functions of FOXO transcription factors. The advantage of 
small drugs like S9 is the strict control of application-dose and -time and the fact that they 
are not immunogenic allowing repeated applications – so dose- and application time can be 
adjusted to damage cancer cells or boost anti-cancer immunity, but also limit unwanted side 
effects of FOXO-inhibition on stem cells and other somatic tissues.  
 
Methods 
Analysis of Foxo3a-DNA interactions and generation of interaction maps. The 
experimentally observed interactions of the FOXO3 consensus sequence DNA strand and 
the FOXO3-DBD were extracted in LigandScout
33
 version 3.0 and represented by 
pharmacophore features (Fig. 1b). The pdb entry 2UZK
17, 34
 was loaded into MOE version 
11.2011. The protein was protonated using the default settings and interaction maps were 
generated using the N1:: (sp3 NH with lone pair), O (carbonyl oxygen), and DRY 
(hydrophobic) probes with -4 kcal/mol, -3.5 kcal/mol, and -2.5 kcal/mol cut-offs, 
respectively (Fig. 1c). 
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Docking, pharmacophore modeling, virtual screening, and selection of test 
compounds. GOLD
35
 version 3.1 was used for docking. Hydrogen atoms were added to the 
protein and all water molecules and ligands were deleted. The area of 20.0 Å around 
His212 was defined as binding site and the GoldScore was used for scoring. Up to 10 
different docking poses were reported for each input molecule and analyzed using 
LigandScout version 3.0. Pharmacophore models were created using LigandScout
33
 version 
3.0 based on docking poses of molecules from Drugbank
36
 version 2.5 (Fig. 1d). In 
particular, one docking pose of DB00878 (model 1), DB02056 (model 2+3), DB00430 
(model 4), DB02141 (model 5), and DB01274 (model 6) was used, respectively. 
Automatically generated models were manually refined to reflect interaction patterns 
observed in the crystal structure, highlighted by the interaction maps, or involved residues 
either crucial for binding or which are posttranslational modification sites such as Asn208, 
Ser209, Arg211, His212, and Ser215. Compound libraries for virtual screening were 
generated by calculating up to 250 conformations for each molecule in the Specs (version 
April 2010, www.specs.net) and Maybridge (version 2010, www.maybridge.com) 
databases. Pharmacophore hits were docked into the binding site using the protocol 
described above and docking poses were analyzed using LigandScout version 3.0. 76 
compounds, for which docking poses reflected the identified interaction patterns, were 
selected for experimental testing. 
Synthesis of S9 and S9OX. The synthesis of S9 and S9OX and all corresponding 
NMR spectra are described in Supplemental information. 
Expression and purification of recombinant FOXO3-DBD. Recombinant FOXO3-
DBD protein was produced as previously described for FOXO4-DBD
23
. Briefly, DNA 
encoding human FOXO3-DBD (residues 156−269) was ligated into the pGEX-6P-1 (GE 
Healthcare), using the BamHI and XhoI sites. FOXO3-DBD was expressed as N-terminal 
GST-tagged fusion protein in E. coli BL21(DE3). Protein expression in LB-media was 
induced by isopropyl β-D-1-thiogalactopyranoside for 18 h at 20 °C, and the protein was 
purified using Glutathione Sepharose 4 Fast Flow (GE Healthcare) according to a standard 
protocol. Protein was dialyzed against buffer containing 20 mM Tris-HCl, 100 mM NaCl, 1 
mM EDTA, 1 mM DTT, 10% (wt/vol) glycerol at pH 7.5. The affinity tag was removed by 
PreScission Protease cleavage overnight at 4 °C (10 U/mg recombinant protein). After the 
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cleavage, FOXO3-DBD was purified by size-exclusion chromatography (HiLoad Superdex 
75; GE Healthcare) in 20 mM phosphate buffer containing 50 mM KCl, 2 mM TCEP, and 
10% (wt/vol) glycerol at pH 6.5. Isotopically labeled proteins for NMR experiments were 





C]glucose as the sole nitrogen and carbon sources, respectively, and purified as 
unlabeled FOXO3-DBD. 
Fluorescence polarization (FP) analyses. To determine the binding of a compound 
S9 to FOXO3-DBD in vitro FP-measurements were carried out in black 96-well plates with 
flat bottom (HVD Life Sciences, Vienna, Austria) in a chameleon plate reader (Hidex, 
Turku, Finland). For FP-Assays, recombinant FOXO3 was only purified via affinity 
chromatography and gel-filtration chromatography. Two microliters S9 (500nM final 
concentration) were added to 100 µl reaction mix containing 125 nM FOXO3-DBD and 25 
nM FAM-labeled double strand FOXO3 consensus sequence oligonucleotides in assay 
buffer (20 mM TrisHCl, 100mM NaCl, 1mM EDTA, pH 7.5). Positive (only assay buffer 
and FAM-labeled oligonucleotide) and negative (FOXO3-DBD and FAM-labeled 
oligonucleotide) controls were analyzed on each plate. Millipolarization values (mP) were 
measured at an excitation wavelength of 485 nm and an emission wavelength of 530 nm. 
NMR data collection and analysis. NMR data were acquired on Bruker Avance 







at 25 °C. The sequence-specific backbone resonance assignment was obtained using a 
series of standard triple-resonance spectra (HNCO, HN(CA)CO, HNCACB, and 
CBCA(CO)NH experiments). The obtained assignments were in a good agreement with the 
sequence-specific backbone NMR assignment obtained for shorter FOXO3-DBD 
construct.
26









N HSQC spectra 
were collected for samples containing 250 μM FOXO3-DBD alone and in the presence of 
1.57 mM S9OX. All NMR experiments were performed in buffer containing 20 mM 
sodium phosphate (pH 6.5), 50 mM KCl and 10% D2O.
 
STD-NMR experiments were 
acquired at 25 °C using samples containing 15 μM unlabeled FOXO3-DBD in the presence 
of 1 mM ligand. 10% dimethyl sulfoxide (DMSO) was added to the buffer used in STD 
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experiments with S9 to increase its solubility. The dissociation constant for S9OX binding 
to FOXO3-DBD was determined by a nonlinear least squares analysis using the equation  
CSP𝑜𝑏𝑠 = CSP𝑠𝑎𝑡 ×




where CSPobs is the observed CSP at the given total S9OX concentration [L], CSPsat 




Molecular docking. Docking experiments were performed using Autodock Vina
27
. 
The solution structure of FOXO3-DBD (PDB ID: 2K86) and the S9 compound were 
modeled in Autodock Tools. The search space was defined as a 24×22×22 Å box centered 
on the helix H3 of the FOXO3-DBD. Flexible residues were selected based on CSP NMR 
analysis. The 20 lowest energy solutions were then analyzed and the lowest energy solution 




N HSQC experiments was selected as the 
final pose. 
  
Cell lines, culture conditions, and reagents. The neuroblastoma cell lines SH-
EP/FOXO3 and NB15/FOXO3-GFP were cultured in RPMI1640 (Lonza, Basel, 
Switzerland) containing 10% fetal bovine serum (GIBCO BRL, Paisley, UK), 100 U/ml 
penicillin, 100 µg/ml streptomycin and 2 mM L-glutamine (Sigma-Aldrich, Vienna, 
Austria) at 5% CO2. All cultures were routinely tested for mycoplasma contamination using 
the Venor
R
 GeM-mycoplasma detection kit (Minerva Biolabs, Berlin, Germany). All 
reagents were purchased from Sigma-Aldrich (Vienna, Austria) unless indicated otherwise.  
Spheroids. Spheroids were formed by ferromagnetic bioprinting according to 
manufacturer’s instructions (Pelobiotech GmbH, Germany). Spheroids were grown for 72 h 
before treatment with 4OHT / 4OHT + S9/S9OX. After 72 hours treatment substances were 
removed by centrifugation and remaining spheroids were grown for one week. Finally, 
spheroids were collected and re-plated in 100 µl fresh media into white 96well plates for 
ATP measurement or clear plates for resazurin reduction. Size was monitored regularly by 
live-cell microscopy. ATP-amount was measured by CellTiter-Glow-3D-cell-viability-
assay according to manufacturer’s instruction (Promega, Germany), resazurin salt reduction 
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was assessed via fluorescence measurement in a chameleon plate reader (Hidex, Turku, 
Finland).  
Quantitative RT-PCR. To quantify mRNA-levels real-time qPCR was performed 
using Maxima™-SYBR-Green-qPCR-Master-Mix (Thermo Scientific, Waltham, USA) and 
GAPDH as reference-gene as previously described
38
: total-RNA was isolated from 5 x 10
6
 
cells using TRI-Reagent® (Sigma-Aldrich, St. Louis, USA) and 1 µg was reverse-
transcribed to cDNA using RevertAid-H-Minus-cDNA-Synthesis Kit (Thermo Scientific, 
Waltham, USA). Oligonucleotides for BIM, NOXA, DEPP1, SESN3, and GAPDH are 
listed in Supplemental Table S1. qRT-PCR-reactions were performed in triplicates in a Bio-
Rad-iCycler-instrument and repeated 3-times. After normalization to GAPDH, regulation 
was calculated between treated and untreated cells. 
Microarray expression profiling. Generation of the Affymetrix microarray data set 
was performed at the Expression Profiling Unit of the Medical University Innsbruck 
according to the manufacturer’s protocols. Total RNA was prepared from SH-EP/FOXO3 
cells treated for three hours with/without 50 nM 4OHT and/or 50 µM compound S9 and 
RNA quantity and quality was determined in a 2100 Bioanalyzer (Agilent Technologies, 
Palo Alto, USA). 250 ng of high quality RNA was processed, hybridized to twelve Human 
Genome U133 Plus 2.0 arrays (three independent biological replicates per treatment) and 
scanned according to manufacturer’s instructions as described.
39 The data analysis was 
performed in R (version). Raw data has been pre-processed using the GCRMA method.
40
 
Immunoblot analyses. Total protein was prepared as described in Hagenbuchner et 
al.
41
 Proteins were separated by SDS-PAGE and blotted on nitrocellulose membrane (GE 
Healthcare, Chalfot, UK). After blocking, membranes were incubated with primary 
antibodies (Supplemental Table S2), washed and incubated with horseradish-peroxidase 
conjugated secondary antibody (GE Healthcare, UK). The immunoblots were developed by 
enhanced chemiluminescence (GE Healthcare, Chalfont, UK) according to manufacturer’s 
instructions and analyzed using an AutoChemi detection system (UVP, Cambridge, UK). 
Densitometry was performed using Labworks software version 4.5 (UVP, UK). 
Chromatin-immunoprecipitation (ChIP). ChIP was performed using Magna-ChIP-
Kit (Millipore, Darmstadt, GER) as described 
4
. 20 µl protein-G-magnetic-beads were 
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coupled to 7.5 µl of FOXO3 antibody (Santa Cruz, Dallas, USA) or control-IgG and 
incubated with nuclear lysates of shredded DNA from 2 x 10
7
 cells. After precipitation, 
protein was digested by proteinase-K and DNA was concentrated with ChIP-DNA-Clean-
&-Concentrator-Kit (Zymo Research, Irvine, USA). FOXO3-binding to DNA was 
quantified by qPCR using promoter-specific primers for FOXO3-targets (Supplemental 
Table S3).  
ROS measurements by live cell analyses.  Cells were grown on LabTek Chamber 
Slides
TM
 (Nalge Nunc International, Rochester, USA), coated with 0.1 mg/ml collagen. 
ROS measurements were performed by incubating the cells with MitoTrackerRed CM-
H2XROS (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions 
(final concentration 500 nM). Images were acquired with an Axiovert200M microscope 
(Zeiss, Vienna, Austria). Fluorescence intensity was quantified using Axiovision Software 
(Zeiss, Vienna, Austria) and relative ROS levels were expressed as % of untreated controls. 
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Figure 1: Pharmacophore model based screening for small compounds that interact with 
FOXO3-DBD. Binding of S9 to the DBD affects FOXO3’s apoptotic function. Interaction 
maps highlight areas on the FOXO3a DBD surface (depicted in rose) where the defined 
probes can interact with the protein (a). Docking poses of compound S9 and additional 
compounds binding to the Foxo3a DBD (b). Compound 1 maps the pharmacophore model 
1 (c). Fluorescence polarization assay (FP-Assay) of recombinant FOXO3-DBD (50 nM) 
and FAM- labeled IRE oligonucleotide (10 nM).  A final concentration of 500nM S9 was 
used to displace the FAM-IRE. Shown is the mean of four independent experiments +SD 
(****p<0.0001) (d). PI-FACS analyses of SH-EP/FOXO3 cells treated with 50 nM 4OHT 
alone or in combination with 50 µM S9 or S9OX for 48 hours. Shown is the mean +SD of 
three independent experiments (e). Statistical differences between 4OHT and S9+4OHT or 
S9OX+4OHT were assessed by students t-test **p<0.01. 
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Figure 2: Compounds S9 / S9OX blocks the DNA binding surface of FOXO3-DBD. (a) 
1D 
1
H STD-NMR experiments for S9OX compound in the presence of the 15 µM FOXO3-
DBD. The reference spectrum of S9OX is shown in black, the corresponding STD-NMR 
spectrum is shown in red. Chemically equivalent hydrogens in S9 molecule are numbered 
from 1 to 7. (b) The summary of quantified chemical shift perturbations (CSPs) obtained 
for FOXO3-DBD in the presence of 1.5 mM S9OX. The changes in chemical shift 









N, respectively, in the free and bound states.
42
 The regions of the protein backbone that 
could not be unambiguously assigned are highlighted in grey. The secondary structure of 
FOXO3-DBD is indicated on top. The dotted and dashed lines indicate changes greater than 
the mean and the mean + 1
0
corr, respectively. (c) Observed CSPs mapped onto the solution 
structure of FOXO3-DBD.
26
 Ribbon and surface representations are shown at right and left, 













N HSQC spectra 
of 250 M FOXO3-DBD in the presence of various concentrations of S9OX are shown in 
inset. (d) Structural model of FOXO3-DBD with bound S9. The best flexible docking 




N HSQC and STD measurements is shown.  
Figure 3: Compounds S9 / S9OX affect induction of FOXO3 target gene mRNAs. (a) 
Heatmaps of Affymetrix microarray analyses (U133 plus 2.0 expression profiling chips). 
Total RNA was prepared of SH-EP/FOXO3 cells treated with 100 nM 4OHT alone or in 
combination with 50 µM S9 for 3 hours. Expression heatmap shows average expression of 
the differentially expressed genes within three replicates in each condition. The rows were 
scaled around 0 (b) Venn diagram showing number of genes regulated in common when 
cells with activated FOXO3 were treated with S9 or solvent as control. BIM (c), NOXA 
(d), SESN3 (e), and DEPP1 (f) mRNA levels were measured by quantitative RT-PCR in 
SH-EP/FOXO3 cells after treatment with 100 nM 4OHT for 3 hours alone in combination 
with 50 µM S9 or S9OX (cells were preincubated with substances for 30 minutes). Bars 
represent mean +SD of three independent experiments, each performed in triplicates (fold 
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over untreated control (100%)). Significant differences between 4OHT treatment and 
S9+4OHT or S9OX+4OHT: *p<0.05, **p<0.01 (students t-test).  
Figure 4: Compound S9 /S9OX inhibit protein expression of FOXO3 regulated proteins 
and prevent binding of FOXO3 to target promoters. SH-EP/FOXO3 cells were treated for 8 
hours (a,b) or 24 hours (c,d) with 100 nM 4OHT alone or in combination with 50 µM S9 or 
S9OX. Cell lysates were subjected to immunoblot analyses using anti-bodies against 
NOXA and BIM (8 hours) or SESN3 and DEPP1 (24 hours). Shown are representative 
immunoblots (a,c) or densitometric analyses of three independent cell lysates +SD. 
Regulations are expressed as fold over DMSO-control (100%). Significant differences 
between 4OHT treatment and S9+4OHT or S9OX+4OHT were analyzed by students t-test: 
*p<0.05, **p<0.01, ***p<0.001. (e) ChIP analyses were performed in SH-EP/FOXO3 cells 
treated with 100 nM 4OHT for 3 hours alone or on combination with 50 µM S9. Binding of 
FOXO3 to the promoter regions of BIM, NOXA, SESN3, and DEPP1 was quantified by 
qRT-PCR. Shown is the mean value +SD of three independent experiments, each 
performed in duplicates. Significantly different to untreated cells: *P<0.05, **p<0.01, 
***p<0.001; significant differences between 4OHT-treatment and S9+4OHT treatment: 
#P<0.05. ##P<0.01(students t-test).  (f) Binding of FOXO3 to the promoter region of 
DEPP1 was assessed after transfection of a DEPP1-luciferase reporter plasmid into SH-
EP/FOXO3 cells. 24 hours after transfection cells were seeded into 24 well plates. After 
adherence for another 24 hours, cells were treated for 3 hours with 100 nM 4OHT with or 
without increasing amounts of S9 (preincubated for 30 minutes). Firefly-luciferase was 
analyzed using Luciferase Assay System (Promega). The increase of light emission was 
calculated as fold over untreated controls (100%). Shown are mean values +SD of three 
168 
 
independent experiments, each performed in triplicates. Significant differences between 
4OHT treatment and S9+4OHT: *p<0.05, **p<0.01 (students t-test).  
 
Figure 5: Effects of compounds S9 / S9OX on FOXO3-induced ROS and sphere growth in 
3D cell culture models. SH-EP/FOXO3 cells were treated either for 4 hours with 100 nM 
4OHT (a) or for 2 hours with 20 µg/ml etoposide (b). 50 µM S9 or S9OX were pre-
incubated for 15 minutes. ROS accumulation was analyzed using CM-H2XROS (500 nM). 
Images were acquired by live-cell imaging using an Axiovert200M microscope, equipped 
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with a 63x oil objective, bar 20 µm. Shown are representative images (left panel) or 
densitometric analyses of three independent experiments (more than 15 cells per 
experiment were quantified) using AxioVision software version 4.8; Significantly different 
to untreated cells: ***P<0.001; significantly different between 4OHT-treatment and 
S9+4OHT or S9OX+4OHT cells: ##P<0.01, ###P<0.001 (students t-test). 3D spheroids of 
NB15/FOXO3-GFP cells were formed by magnetic bioprinting for 72 hours before 
treatment with 10 nM 4OHT alone or in combination with 5 µM S9 or S9OX for another 72 
hours. After one week, spheroids were analyzed by live cell microscopy and further used 
for viability analyses. Shown are representative images (a) and sphere size / mean diameter 
(b) as well as the number of spheroids per well (c) out of three independent experiments. 
Statistical differences between single 4OHT treatment or combinational treatment were 
assessed by Mann-Whitney test 
****
P<0.001. Viability of spheroids was assessed by 
measuring of ATP content (d) or resazurin reduction (e).  Shown are mean values +SD of 
three independent experiment, each performed with spheres of 8 different wells. Statistical 
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 7.5 Supplement S5 
 7.5.1 Publication V: The role of cysteines in the regulation of 
Apoptosis signal-regulating kinase 1 by thioredoxin 
Kylarova, S., Kosek, D., Petrvalska, O., Psenakova, K., Man, P., Vecer, J., Herman, P., 
Obsilova, V. & Obsil, T. Cysteine residues mediate high-affinity binding of thioredoxin to 
ASK1. FEBS J. 283, 3821–3838 (2016). 
My contribution: expression and purification of TRX, ASK1-TBD and cysteine and 
tryptophan mutants of ASK1-TBD, sample preparation and further optimization for 
tryptophan fluorescence; native gel electrophoresis experiments.  
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